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The potential of agroforestry in the British uplands depends largely on the ability of 
system components to efficiently use resources for which they compete. A typical 
system would comprise conifers planted at wide spacing, with sheep grazing pasture 
beneath. Computer models were developed to investigate the growth of trees and 
pasture in a British upland agroforest system, assuming that growth is primarily a 
function of light intercepted. Some of the implications of growing trees at wide spacing 
compared to conventional spacings, and the impact of trees on the spatial and annual 
production of pasture, were examined. Competition for environmental resources 
between trees and pasture was assumed to be exclusively for light: below-ground 
interactions were ignored. 
Empirical methods were used to try and predict timber production in agroforest 
stands based on data for conventional forest stands, and data for widely-spaced radiata 
pine grown in South Africa. These methods attempted to relate stem volume increment 
to stand density, age, and derived competition measures. Inadequacy of the data base 
prevented successful extrapolation of growth trends of British stands, although direct 
extrapolation of the South African data did permit predictions to be made. 
A mechanistic individual-tree growth model was developed, both to investigate the 
mechanisms of tree growth at wide spacings, and to provide an interface for a pasture 
model to examine pasture growth under the shading conditions imposed by a tree 
canopy. The process of light interception as influenced by radiation geometry and stand 
architecture was treated in detail. Other features given detailed consideration include 
carbon partitioning, respiration, the dynamics of foliage and crown dimensions, and 
wood density within tree stems. The predictive ability of the model was considered 
poor, resulting from inadequate knowledge and data on various aspects of tree growth. 
The model highlighted the need for further research into the dynamics of crown 
dimensions, foliage dynamics, carbon partitioning patterns and wood density within 
stems, and how these are affected by wide spacing. 
A pasture model was developed to investigate growth beneath the heterogeneous 
light environment created by an agroforest tree canopy. Pasture growth was closely 
related to light impinging on the crop, with temperature having only a minor effect. The 
model highlighted the fact that significant physiological adaptation (increased specific 
leaf area, decreased carbon partitioned below-ground and changes in the nitrogen cycle) 
is likely to occur in pasture shaded by a tree canopy. 
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This thesis is concerned with the computer modelling of aspects of agroforest 
systems in the uplands of Britain. Such systems are not yet in widespread use, and a 
modelling approach may provide useful information as to their possible success. The 
work will concentrate on modelling the growth of trees and pasture in a British upland 
agroforest system. Livestock production and economics have not been included in this 
study. 
The models developed in this work all operate on the assumption that light is the 
main environmental variable which controls growth. Competition for light between 
trees and pasture, and between individual trees planted at various spacings, is therefore 
investigated in detail. Below-ground competition for water and nutrients is not 
examined. 
The agroforest system which is modelled comprises coniferous trees planted at 
wide spacing, with an upland resown sward beneath. Such a system is likely to be 
suitable for the conditions with exist in the British uplands (13). 
Biological aspects of this system are treated in considerably more detail than 
existing agroforest models. Light interception as a function of radiation geometry and 
canopy structure was considered in detail, and this permitted the influence of a 
heterogeneous (in both time and space) light environment at sward level on pasture 
growth to be assessed. Unlike other models, those in this study specifically address the 
problems of physiological and morphological adaptation of trees and pasture to the 
conditions imposed by an agroforest environment. Finally, the investigation into the use 
of different modelling options to simulate particular processes is also a novel aspect of 
this study. 
1.2 Introduction to the uplands of Britain. 
Hill and upland farms are commonly defined as occupying land of over 200m 
altitude (Teal, 1979). Hill farms are predominantly rough grazings with less than 10% 
of the total area enclosed and readily cultivatable, whereas upland farms may have all, 
or at least 50%, of their land as encloses sown or permanent pastures (Newbould, 
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1981). Hence animal production in the uplands is primarily based on the utilisation of 
enclosed pastures, with rough grazings playing a variable role (Eadie, 1981). 
The environment imposes severe constraints on production on hill and upland 
farms. Various environmental factors are important: 
Solar radiation is generally in short supply in the British uplands, caused by low 
sun elevation and reductions from cloud (Stamp, 1964; MacBrayne, 1981). 
Deficiency of available nitrogen has been attributed as the major soil factor 
limiting the productivity of upland pastures in Britain (Munro and Davies, 1974). 
Temperature has been considered the prime climatic factor affecting plant 
growth in the bills and uplands (Newbould, 1981). Effective growth is generally agreed 
to take place above 6C (Stamp, 1964). 
Exposure to wind sets altitudinal limits to afforestation, and may fell immature 
plantations (Teal, 1979). 
Rainfall exceeds potential evapotranspiration in every calendar month and hence 
there is typically no period of potential water deficit. No part of the Scottish uplands 
suffers from drought of desiccation in an average year (Stamp, 1964). Flooding may, 
however, cause problems. 
Many of these problems are temporary limitations, and with moderate levels of 
capital input significant improvement can be made. The basic steps to improvement 
include fencing, drainage, fertilisers and reseeding (McGaughey, 1983). Eadie (1978) 
considers that pasture yield increases of two to threefold can be obtained by fertilisation 
and reseeding. Indeed, in the last few decades thousands of hectares of hill land have 
been reseeded (McLeod, 1984). 
1.3 Potential of agroforestrv in the uplands. 
Sinclair (1988) defines agroforestry as "the deliberate cultivation of woody 
perennials on the same land, and for at least some part of the cycle at the same time, as 
herbaceous crops and/or livestock, where significant biological and economic 
interactions occur between the woody and non-woody components". The term "woody 
perennial" includes both trees and shrubs, and pasture is considered a herbaceous crop. 
The system is implemented in the hope that production (biological or economic) is 
greater than if the land had been allocated to either agriculture or forestry alone (Roche, 
1986). A critical feature of agroforest systems is that biological components are closely 
integrated - it is beneficial interactions between these components which may encourage 
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their use. 
Although agriculture is likely to remain the backbone of the rural economy in hill 
and upland areas in Britain, there is a need to consider potential opportunities for 
diversification. Current levels of profitability suggest that the most immediate prospects 
for agroforestry on any scale in Britain lie in the establishment of trees, at wider 
spacings than conventional plantations, on upland grazing areas (Carruthers, 1986). A 
suitable system for such areas would use conifers, with sheep grazing reseeded 
pastures beneath. MacBrayne (1982) suggests that sensible agroforest tree species in 
Britain would be those with a light crown such as Scots pine, inland provenances of 
lodgepole pine, or larch. These species are also less prone to trampling because of their 
deep-rooting habit with few surface laterals. Reseeded pasture would provide the 
necessary forage resource for agroforest systems. Perennial ryegrass (Lolium perenne) 
would typically form the basis of such a sward. Such improved pasture is a particular 
necessity at periods of high nutritional demand in the reproductive cycle of the hill ewe 
(Haystead and Marriott, 1978). The modelling work done in this study shall therefore 
consider a coniferous tree species being used in conjunction with an upland resown 
sward. 
Timber and sheep commodities are likely to be highly profitable for Britain in 
future: 
Wood consumption in Britain is expected to have doubled by the year 2025 
(Carruthers, 1986). Conifers are likely to be selected in favour of hardwoods because 
of their hardiness, ease of cultivation, and shorter rotation lengths. 
Prospects for the sheep fanner are good. Lamb sales may account for 60-70% 
of the income of hill farmers (Cunningham, 1979). 
Agroforestry has the following advantages in the production of these commodities: 
Trees can be managed for high quality timber, for example by pruning lower 
branches and thereby maintaining good bole form. Labour for this could be provided by 
farm workers during periods of low agricultural work load, and hence costs could be 
minimal. 
Trees provide shelter for animals and pasture from wind and rain. In severe 
climates, cold stress is likely to be the primary cause of death in newborn lambs (Starr, 
1981). 
Agroforest systems encourage the maintenance and improvement of soil 
conditions and fertility. 
Profitability is increased as a result of product diversity. Different crops can be 
harvested and sold at different times providing a steady income, and labour can be used 
most efficiently throughout the year when managing a range of products. 
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On the other hand, possible disadvantages are: 
Detrimental interactions between system components (e.g. tree damage by 
grazing animals). 
Poor product quality, e.g. widely spaced trees, if improperly managed, tend to 
develop wood of low density and high frequency of knots. 
1.4 Component interactions in an agroforest system. 
The tree-crop interface is complicated in that both above- and below-ground 
interactions occur. These include interactions relating to radiation exchange, water 
balance, nutrient cycling, shelter and other microclimatic modifications (Huxley, 1985). 
In addition, there are numerous interactions between crop components and animals. A 
diagrammatic representation of system components and their interactions is shown in 
fig. 1.1. A brief summary of these is given below; more detailed descriptions of many 
of the interactions can be found in later chapters. 
Figure 1.1 Summary of component interactions in an agroforest system. 
A) Tree - pasture interactions. 
Trees shade pasture such that there will be a reduction in energy input, with 
concomitant reduced temperature and evapotranspiration loads. 
Wind speed at ground level is reduced by shelter - this will generally produce 
increased temperatures. 
Nutrient cycling in the system may be increased. Leaching through soil is likely 
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to be reduced if tree roots are present. Trees intercept rainfall and tend to thy the surface 
layers of the soil. This may improve soil fertility by reducing anaerobic conditions, 
podsolisation, and the leaching of nutrients. However, some species, notably conifers, 
are well known to acidify rainfall which has crucial implications for the base saturation 
and physical structure of the soil. There some is scanty evidence that legumes, through 
their ability to fix nitrogen, may improve the nutrition of trees. For example, O'Carroll 
(1982) showed that both common broom (Cytisus scoparius) and tree lupin (Lupinus 
arboreus) may be useful as auxiliary crops in the early growth of Sitka spruce (Picea 
sitchensis). However, it is possible that trees and pasture may compete for available 
nutrient resources. 
Needles falling from conifers to the ground may directly shade pasture, and 
alter nutrient status in their immediate vicinity. 
B) Animal - tree interactions. 
Trees shelter animals from cold and rain, increasing growth rates and reducing 
mortality. 
Trampling by animals causes soil compaction, which impedes root penetration 
and drainage, as well as causing direct damage to roots. For example, Adams (1986) 
allowed sheep to graze in a Sitka spruce plantation and trees were shown to have a 
reduced height increment compared to controls. 
Animals browse and debark trees. Continuous damage to tree leaders will delay 
plantation establishment and adversely affect tree form. 
C) Animal - pasture interactions. 
Animals graze pasture. Sheep graze selectively to maintain the quality of their 
diet. Of particular importance is the digestibility of ingested herbage, which is related to 
its stage of maturity, and species composition. The pattern of utilisation is also closely 
linked to stocking density, and the energy requirements of the animals. Low stocking 
densities encourage highly selective grazing, concentrated on young regrowth, leaving 
large areas of ungrazed grass to become rank and unpalatable. On the other hand, 
excessively heavy stocking will result in pasture degeneration because of inadequate 
leaf material to photosynthesise. 
Treading damage (as described in "Animal-tree" interactions above). Treading 
also causes direct damage by bruising and destroying leaves. 
Animals return nutrients in the form of excreta to pasture. It has been shown 
(Herriou et a!, 1959) that the quantities of nutrients returned by grazing animals in a 
season are comparable to heavy fertiliser dressings. The method of return, however, 
results in small areas receiving high concentrations of nutrients (e.g. see Peterson et a!, 
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1956). 
1.5 Use of computer models to investigate agroforest potential in the 
uplands. 
There are several reasons for adopting a modelling approach to assess the suitability 
of agroforestry in the uplands: 
Field experiments to investigate tree growth at wide spacings would take many 
years to complete. Modelling solutions to the problem can be tackled in a fraction of the 
time. In addition, modelling would probably consume only a fraction of the resources 
needed to complete field experiments. 
Field experiments can only measure growth in a limited range of situations; 
models can be used to predict growth for any combination of resources within their 
design specification range. 
Models can provide predictions for situations where data are absent, based on 
sound theoretical hypotheses. 
Models provide insight into how large systems work. They bring together 
knowledge to facilitate in understanding the system as a whole. 
Key areas where scientific knowledge or data is lacking can be discovered by 
modelling efforts. Models can therefore be used to help design field experiments. 
Numerous models exist in the literature for simulating the growth of individual 
components of agroforest systems in isolation. Forestry Commission Yield Class 
models have been used for predicting timber production for different tree species at a 
variety of conventional spacings and site classes: the application of this approach to 
agroforest spacings is explored in chapter 2. More detailed models of tree growth 
include the models of Agren and Axelsson (1980), Makela and Han (1986) and Mohren 
(1987). Such models consider aspects such as canopy architecture, light interception, 
carbon partitioning, respiration, etc. A process-based model to investigate tree growth 
in agroforests is developed in chapter 3. Similarly, there is a range of pasture models 
(e.g. Ross et a!, 1972; Sheehy et a!, 1979; Johnson and Thornley, 1983; Johnson and 
Parsons, 1985a) which have been developed to simulate open-grown pasture growth. A 
pasture model is developed in chapter 4 which is based on many of the principles of 
these existing models, but which is specifically adapted to handle the agroforest 
environment. 
Some existing models have examined particular aspects of relevance to agroforest 
systems. For example, the model of Jackson and Palmer (1979) was designed to study 
the problem of light interception by discontinuous canopies. 
Agroforest models must consider interactions between system components. Few 
existing models do this. McMurtrie and Wolf (1983) modelled competition between 
trees and pasture for light, nutrients and water. Many of the equations used were highly 
empirical, and some of the assumptions somewhat simplistic. For example it was 
assumed that respiration rates were simple constant functions of biomass. The authors 
were not, however, considering the agroforest situation: a homogeneous (unbroken) 
tree canopy was assumed. 
The economic feasibility of intercropping Douglas fir trees and grazed pasture in the 
hills and uplands has been tentatively investigated by Tabbush et a! (unpublished). 
Agricultural production was reduced as a function of shading by tree crowns, calculated 
on the basis of projected crown area and beam fraction. Tree growth at wide spacing 
was handled by simple curves with no real data to support them. No assumptions with 
respect to moisture or temperature modifications in the understorey were made. The 
study provided a useful first attempt to try and simulate the system, but its simplicity 
severely restricted its predictive reliability. 
The model of Doyle eta! (1986) considered the tree-crop interface of an agroforest 
in more detail. An empirically determined fraction of incident radiation penetrated the 
tree canopy depending on its crown area. Competition between trees and pasture for 
water and nutrients was considered. Both this study and that of Tabbush et al concluded 
that further research was required to understand more fully the component interactions 
in an agroforest situation. Doyle et al readily admit that their model is only a first 
attempt to simulate the effect of intercropping trees with grassland on livestock 
production per hectare. They propose that a better understanding is required of growth 
patterns of open-grown trees as distinct from trees grown at conventional forestry 
spacings, as well as the process of light interception and the light environment created 
beneath widely spaced trees. 
The work done in this study shall therefore concentrate on investigating system 
biology, and how this is influenced by environment, in more detail than existing 
agroforest models. Processes such as light interception by trees will take into account 
the complex interaction of radiation geometry and stand architecture. The models will 
consider issues such as the physiological adaptation of pasture to prolonged shade, and 
examine some of the likely consequences of planting trees at wide spacing on their 
growth. 
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1.6 Competition for light between trees and pasture. 
As has been described in § 1.4, an agroforest system incorporates a complex set of 
above- and below-ground interactions. This thesis is based on the assumption that the 
major environmental resource for which trees and pasture compete is light. In other 
words, it is assumed that above-ground competition for light plays a much greater role 
than below-ground competition for water and nutrients. It should be noted that this 
above- ground competition is one-sided in that trees deprive pasture of light, while 
pasture does not influence light interception by trees. Such one-sided competition tends 
to occur when light is the primary limiting factor (Ford and Diggle, 1981). Clearly, the 
tree-to-pasture interface will therefore require particular attention when interfacing 
submodels. 
Close relationships have been demonstrated between growth and light intercepted 
for trees (e.g. Jarvis and Leverenz, 1983; Linder, 1986; Vose and Allen, 1988) and for 
pasture (e.g. Blackman and Black, 1959; Bean, 1964). Monteith (1981) goes as far as 
to describe light as the "determinant" of crop production. Providing water and nutrients 
are adequate, light, as the energy source, may be regarded as the major factor 
controlling crop growth (Cooper, 1970; Sheehy and Cooper, 1973). 
Unlike above-ground competition for light, below-ground competition betwen 
trees and pasture for water and nutrients can largely be alleviated by good management 
technique (1.2). Currently, there is little information on the possible extent of such 
competition. Tree seedlings may be most at risk. Kolb and Steiner (1990) showed that 
the growth of northern red oak (Quercus rubra) and yellow poplar (Liriodendron 
tulipfera) seedlings was reduced by competition with grass roots for water and perhaps 
nutrients. Nevertheless, it is reasonable to assume that competition for light is likely to 
be the major tree-pasture interaction in a British agroforest. Should evidence for 
significant below-ground interactions be demonstrated in future, then future modelling 
work would be required to take them into account. 
Assuming that light is the major growth-determining variable is not to say that all 
other environmental factors shall be completely ignored in this study. Site class (which 
accounts to some extent for deficiencies of water and nutrients) is used in the modelling 
of tree growth (Chapters 2 and 3). The tree model described in chapter 3 takes account 
of low winter growth rates caused by low temperature by assuming a fixed length of 
growing season. The impact of temperature, and to some extent nutrients, is 
incorporated into the model of pasture growth (chapter 4). 
Detailed descriptions of factors associated with light interception by trees and 
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pasture are presented in sections §3.2.1.1 and §4.2.1 respectively. Important aspects 
are radiation intensity and geometry, as well as the spatial distribution and orientation of 
foliage, and the optical properties of that foliage. It may not be enough simply to predict 
amounts of light intercepted to adequately quantify competition; the efficiency with 
which this light energy is converted into assimilate is also important (3.2.1). A 
detailed approach taking account of the factors above need not always be used in order 
to quantify competition for light; competition can be quantified empirically by use of 
competition indices. Here, the growth rate, P, can be related to the potential growth rate 
in the absence of competition, P 0, by means of a competition index, CI: 
P = P0(1.O-CI) 
This process has been extensively used to study the growth of trees at different 
spacings (see §2.5.1). Typical indices would be derived functions of height and/or 
distance between individuals. A wide range of indices is described by Lorimer (1983) 
and Martin and Ek (1984). Other indices are based on the concept of the "influence 
zone" (Opie, 1968) which represents an area over which individuals compete for site 
resources. These methods have not yet been used to attempt to model tree growth in 
British agroforests. 
Organisms growing in a competitive environment may show physiological or 
morphological differences compared with those growing in the absence of competition. 
For example, trees planted at wide spacing may have increased vigour, and this may 
cause them to produce low density wood (Savill and Sandels, 1983). As another 
example, shaded conditions may cause an increase in specific leaf area of pasture 
(Thomas and Davies, 1978), and also a reduction in assimilate partitioned below-
ground (Thomas and Davies, 1978; Parsons and Robson, 1981). Proper treatment of 
acclimation is essential for models of community development, especially if the model 
covers a long time span (Han, 1985). 
The models described in this work are growth models in which the process of light 
interception constitutes only a single part. Many other processes such as respiration, 
carbon partitioning and senescence must also be considered. 
1.7 Introduction to modelling. 
Before delving into the methodologies used in this study, it is worthwhile briefly to 
comment on what models are, different types of model, and some of the topics and 
procedures which must be considered when carrying out a modelling exercise. There is 
often no single obvious modelling approach to solve a given problem. This thesis 
assesses the use of different modelling methods for solving complex problems, and the 
text below provides the reader with the necessary framework to understand the basic 
thinking behind different modelling strategies. 
Stated in general terms, a model is an analogue of the system being studied. The 
structure of a model will depend largely on its objectives. "Empirical" models process 
data in a manner which may bear no direct relation to processes within the system. Such 
models are examined in chapter 2 for simulating tree growth. Linking such models with 
other models (e.g. a tree-pasture link) is clearly difficult because of their simple 
structure. "Mechanistic" models attempt to give insight into system behaviour by 
accurately simulating processes occurring within the system. Such models can often be 
more reliably extrapolated to simulate unknown situations beyond the data base range 
than empirical models. Such a mechanistic approach is adopted in chapters 3 and 4: it is 
particularly useful for investigating agroforestry because it permits tree-pasture 
interactions to be modelled in detail. 
The degree of complexity, or scale, to be employed in a model should be 
considered carefully. Two aspects can be identified - firstly the complexity of the 
biological system itself, deemed the scale of variation, and secondly the level of detail 
required to model it, the level of resolution (Hengeveld, 1987). The main factors which 
influence the level of resolution to be employed in a model are: 
The scale of variation. Biological systems with a large scale of variation will 
probably require a high level of resolution when modelled in order to achieve sensible 
results. 
Model objectives. A management model based on a few empirical equations 
might have a low level of resolution compared to a mechanistic model of the same 
system. However, use of excessive detail may complicate model interpretation and 
obscure the meaning of results. 
The level of knowledge about system components and processes, and the 
adequacy of the data base. 
The time and computer facilities available at the modeller's disposal. 
1.8 Objectives. 
The preceding discussion indicates the importance of understanding the interaction 
between trees and pasture in an agroforest context, and the role of light in this 
interaction. With this in mind, the objective of this study is: 
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To investigate, using a modelling approach, the growth of trees and pasture in a British 
upland agroforest system, assuming that growth is primarily determined by light 
intercepted. 
Related to this main objective are several subobjectives: 
To investigate the effect of planting trees at wide spacing on their growth. 
To investigate competition between trees and pasture for light in an upland 
agroforestry system. In particular, the effect of a tree canopy on the spatial and temporal 
variation of light intensity at ground level, and how this affects pasture growth, will be 
examined. 
To assess the suitability of using different modelling approaches for achieving 
(i) and (ii). 
1.9 Approach. 
A major difficulty encountered in existing agroforest models was a lack of suitable 
data for parameterisation purposes (§1.5). Two approaches can be employed to 
overcome this: 
Extrapolation of data from conventional management situations, or from other 
countries. 
The implementation of a mechanistic approach, using sound theoretical 
relationships where necessary data do not exist. In addition to providing predictions, 
this method permits insight into the functioning of the system and therefore the causes 
of particular model output. 
Extrapolation of data using empirical techniques is done in chapter 2 to attempt to 
predict timber production in agroforest stands. Providing that there are no feedbacks 
from the pasture component of the system, then this approach is justified for predicting 
timber production in agroforests. Assuming that below-ground interactions are 
negligible, then this is the case (trees deprive pasture of light, but not vice versa). 
Previous agroforest models have shown a need to consider system biology in 
considerable detail (1.5). Because of this, and the need to interface tree and pasture 
submodels, a mechanistic approach was adopted for investigating tree growth (chapter 
3) and pasture growth (chapter 4) in upland agroforests. System biology is considered 
in more detail than existing agroforest models. The models developed in this work 
consider particular problems associated with agroforests such as the effect of wide 
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spacing on the morphological aspects of tree growth, and the physiological adaptation 
of pasture to the heterogeneous light environment imposed on it by a discontinuous tree 
canopy. The mechanistic approach adopted in chapters 3 and 4 has several advantages: 
Where suitable data do not exist, a mechanistic approach allows sensible 
predictions to be made on the basis of sound theoretical relationships. 
It permits linkage between submodels. A mechanistic approach is necessary 
because of the complicated nature of the radiation field, and the way in which it interacts 
with a discontinuous treecanopy. 
Complex biological interactions such as phenological adaptation of pasture to 
prolonged shade can be investigated (chapter 4). 
In summary, the basic framework of this study is as follows: 
Chapter 2: This provides predictions of timber production at agroforest spacings by 
empirical methods. Growth trends are examined for various stands and extrapolated 
(either directly, or by means of competition indices) to predict the production of stands 
planted at agroforest spacings in Britain. There will be no attempt to directly link these 
models with pasture growth models, although output could in theory be used to 
constrain more mechanistically-based tree models. 
Chapter 3: A detailed mechanistic model of tree growth is developed with the aims 
of providing a suitable link (capable of accurately simulating competition for light) with 
pasture models, and also of predicting timber production. A mechanistic approach is 
necessary to provide such a link in order to simulate the heterogeneous light 
environment which exists at pasture level in an agroforest. 
Chapter 4: A pasture model is developed and linked with the light interception 
routines of the tree model described in chapter 3. In this way it may be possible to 
predict production of trees and pasture over an entire tree rotation. The effect of 
different level of shade on pasture growth is assessed, as well as the impact of a 
heterogeneous light environment imposed by a tree canopy. 
Almost without exception, published models of forest and pasture growth 
incorporate a rigid set of assumptions and equations. Parameter values are often varied 
in order to achieve a satisfactory agreement between model output and reality. A major 
feature of the work done in this study is that the use of different methods to model some 
of the more important system attributes was investigated. Unlike model sensitivity to 
parameter values, which is assessed in a parameter sensitivity analysis, this process 
shall be called "structural sensitivity analysis" because the structure of the model itself is 
under review. Modelling options which are simply inadequate (cannot simulate reality 
in a meaningful or predictive manner) or unsuitable for other reasons (e.g. too much 
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strain on computer time) can be discovered and discarded. The subroutines used to 
effect this process can be termed "modules" (Reynolds et al, 1989): interchangeable 
program units which represent specific processes occurring within the model. 
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The aim is to predict the volume increment of an agroforest stand (grown at wide 
spacing) in Britain from existing empirical data sets for stand growth at various 
spacings. It is hoped that examination of growth curves for stands planted at different 
spacings may allow a direct and rapid prediction of timber production at agroforest 
spacings. 
2.1 Introduction. 
The rate of growth of a tree depends on its ability to capture resources through 
expansion of the crown and root systems, and the efficiency with which those 
resources are utilised. Maximal growth rates will occur when trees do not compete for 
those resources, for example by shading each other when competing for light. Trees 
growing in the absence of competition shall be deemed "open-grown". Growth rates 
will decrease as competition levels for site resources increase; the level of competition 
imposed by trees on each other is largely a function of two factors - their size and the 
distance between them. Hence, different planting spacings will produce different 
competition levels, and different growth rates. By studying trends in growth at different 
spacings, and either relating them directly to spacing, or alternatively to measures of 
competition, equations may be derived allowing growth predictions for unknown 
spacings. 
Empirical approaches to modelling tree growth largely depend on the ability to 
equate increment with factors such as stand age, tree size and stand density. Three main 
approaches have been adopted in this chapter: 
Patterns of volume increment were examined in relation to stand density and age 
(2.3), the aim being to derive simple yield-density relationships which could then be 
extrapolated to wider spacings. It is useful to study increment rather than amount (e.g. 
total volume) because it demonstrates more clearly how tree interactions are affecting 
growth, e.g. at wide spacings an asymptote in growth might be expected corresponding 
to competition-free conditions. 
Growth was investigated in relation to competition by use of competition 
indices (2.4). if a suitable competition index, CI, could be found, then a simple 
simulation model to predict the volume increment of a stand over an entire rotation 
could be constructed as shown in fig. 2.1. 
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Fiaure 2.1 Flowchart for a simulation model based on competition index. CI. 
Set initial state variables: tree volume, spacing, etc. 
Start loop: time 
predict CI (e.g. as a function of spacing, volume) 
predict volume increment as a function of CI 
update state variables (volume, etc.) 
End loop: time 
(iii) Growth trends were extrapolated directly from a widely-spaced South African 
data set to British stands (2.6). 
2.2 Data availability. 
Selection of appropriate data is clearly of primary importance for use in empirical 
analyses of tree growth. Ideally, the data should encompass a wide range of 
competition levels (and hence planting spacings), and should include growth rates of 
open-grown trees. Inclusion of open-grown data would provide an "envelope" 
representing maximum growth per tree, from which reductions could then be calculated 
based on competition levels experienced by individual trees. 
Unfortunately, data could not be found relating to the growth of open-grown 
conifers. Indeed, data for wide spacings (greater than 5 m) is almost completely lacking 
for stands in the United Kingdom. Kilpatrick et a! (1981) studied the growth of 
respaced (12 years after planting) Sitka spruce (Picea sitchensis) stands in Britain, for 
spacings as wide as 6 m, but this data was considered inappropriate for use in this 
study because considerable competition for site resources probably occurred before 
respacing. Woollons and Whyte (1989) provide data for widely spaced (200 to 400 
stems per hectare) conifers in New Zealand, but the trials were not established long 
enough to provide data which would be useful to this study. 
Two data bases have been used in this study: 
(i) Forestry Commission Yield Class models, the data being listed in "Yield Models 
for Forest Management", published by the Forestry Commission, Alice Holt Lodge, 
Farnham, Surrey. In particular, the models relating to Scots pine (Pinus sylvestris) 
subjected to an intermediate thinning regime were selected, because this data relates to a 
wide range of planting spacings between 0.9 and 4.5 m. The latter value is the widest 
spacing for any species for which Forestry Commission data are tabulated. 
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(ii) A single data set relating to Pinus radiata grown in South Africa at spacings 
ranging from 1.9 to 9.0 m, published by van Laar (1982). Although direct quantitative 
comparisons between this data set and stand growth in Britain is clearly impossible, 
because of much greater growth rates and shorter rotation periods associated with this 
species, it may be possible to relate patterns of volume increment to tree characteristics 
in these widely spaced stands, and then use the findings predictively for British stands. 
Before proceeding to the analyses, it is necessary to review how the main data base 
in Britain, that provided by the Forestry Commission, is derived. 
The growth pattern of an even-aged stand, when considered in terms of volume 
increment, is typically depicted as shown below (Edwards and Christie, 1981): 
Figure 2.2 	Patterns of volume increment in an even-aged stand. 
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The point where the two curves meet defines the maximum average rate of volume 
increment (maximum MAT) which a particular species can achieve on a site of given 
quality. This feature forms the basis of the Yield Class (YC) system. Yield classes are 
created by splitting the range of maximum MAT into steps of two cubic metres per 
hectare. For example, a stand of YC 14 has a maximum MAT of about 14 m 3 per 
hectare. Yield Tables have been empirically constructed by the Forestry Commission to 
describe the growth of stands of differing species and Yield Class. The process of Yield 
Table construction and implementation is described by Hamilton and Christie 
(1971,1973) and Edwards and Christie (1981). 
The direct measurement of crop volume (to determine Yield Class) is rarely feasible 
because this would entail felling and measuring trees at various stages of their growth 
cycle, a procedure which is both arduous and expensive. For ease of measurement, top 
height (mean height of the 100 trees of largest diameter per hectare) in relation to age 
has become the most widely accepted criterion for assessing Yield Class. A Yield Class 
obtained through evaluation of top height and age of a stand is termed General Yield 
Class. 
Most Yield Tables have been constructed assuming the application of standard 
Forestry Commission management practices: 
Spacing. 
Standard Forestry Commission planting spacings for a variety of species are 
described by Edwards and Christie (1981). Different spacings do not alter Yield Class, 
because this is the maximum MAT which a given species can attain on a particular site, 
irrespective of treatment (Edwards and Christie, 1981), i.e. it represents potential 
growth rate when site resources are maximally utilised. Planting at different spacings 
affects the rate at which canopy closure occurs, and hence for wider spacings the actual 
MA! will be below that of closer spacings because of reduced light interception and 
photosynthesis. For this reason the Forestry Commission produces a series of Yield 
Tables for different planting spacings for each combination of species and Yield Class. 
Thinning. 
Thinning intensity. This is the rate at which volume is removed. The maximum 
intensity which can be maintained without loss of volume production is termed the 
marginal thinning intensity. This has been shown to be, in terms of annual rate of 
volume removal, 70% of the MA!, i.e. 70% of the Yield Class (Hamilton and Christie, 
1971). Thus the annual thinning yield of a stand of Yield Class 10 thinned at this 
intensity will be 7 cubic metres per hectare. 
Thinning cycle. This is the return period between thinning events, and will 
usually depend on management considerations and the Yield Class of the site. 
Thinning type. The type of thinning generally assumed is an intermediate type 
which, while concentrating on the removal of subordinate trees in the crop, also 
removes competing dominants where this is necessary to encourage the development of 
the better trees. 
The yield which is removed in one thinning will be the product of the annual 
thinning yield and the proposed thinning cycle. Thinning is practiced over the "normal 
thinning period", the start of which is indicated on General Yield Class curves, the 
termination being a few years before the age of maximum MAT. The thinning cycle 
typically described in Yield Tables is 5 years. 
It is interesting to note that stands subjected to a no-thinning regime tend not to 
achieve the maximum MM as stated by Yield Class, as is shown in figure 2.3. It is 
hypothesised that the true MAI is in fact the same for the two stands, but that 
unmeasured increment associated with trees which die of natural causes, and are not 
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harvested, causes a depressed estimate in the unthinned stand. The intermediate-
thinning regime represents stand growth patterns corresponding to maximal useful 
production, and therefore it is these data which are used in the following analyses. 
Fig. 2.3 Patterns of M.A.I. for Scots pine stands. YC 10. subjected to intermediate 
and no-thinning regimes (Forestry Commission data. 	Planting spacing = 2.0 m. 
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c) Fertilisation / check. 
For part of its life, a stand may grow faster than its Yield Class suggests. For 
example, fertilising a stand will often increase its growth rate, although sometimes only 
for a few years if the treatment is not repeated. Alternatively, a stand may suffer check 
for a limited period, e.g. due to inadequate drainage. These changes in growth rate are 
usually predicted by combining current growth rate with an "adjusted age" (Edwards 
and Christie, 1981). 
2.3 Review of the effect of tuiisii s tand/ in JTdua l  
char a_ct ristic  
The maximum size which trees can achieve in a stand, relative to the density of that 
stand, may be predicted from a law proposed by Yoda et a! (1963) known as the 3/2 
power law of self-thinning. They plotted average above-ground dry weight per tree 
against density for stands of Abies sachalinensis and Betula spp. (log scale) and found 
a straight line relationship with a slope of approximately -3/2. It is hypothesised that the 
weight of a plant increases as the cube of a size dimension, whereas its area increases as 
the square of its size dimension. This has led to the equation: 
W = K3I 
where: W = mean plant weight 
K = a constant 
p = plant density 
Westoby (1977) argues that the form of this relationship should in fact be a 
function of leaf area: 
L=Kp 3"2 
where L = leaf area per plant. 
Similarly, Reineke (1933) developed an equation relating diameter at breast height 
to density, and showed how it fitted data collected by a variety of workers: 
logN = -1.605 logD + k 
where: N = density 
D = average tree diameter 
k = a constant varying with species 
However, these equations are of little use when considering the agroforest 
situation, because they apply only to fully-stocked sites, where a closed canopy exists. 
In order to derive methods for predicting volume increment in the agroforest 
situation, it is clearly important to understand how spacing affects different 
characteristics of yield. A good overview of this subject is given by Bartoli and Decourt 
(197 1). Several effects of spacing are important: 
(i) Total tree height. 
There is much conflicting evidence with respect to this factor. A spacing experiment 
on red pine, Pinus resinosa, in Pennsylvania, U.S.A., reported in sequence by 
Stevenson and Bartoo (1939), Bramble et a! (1949) and Byrnes and Bramble (1955) 
found that tree height was negatively correlated with stand density. Similar results have 
been obtained for slash pine, Pinus elliottii (Harms and Collins, 1965; Collins, 1967) 
and Sitka spruce, Picea sitchensis (Jack, 1971). 
However, the greater average height at wide spacing in these experiments may have 
been caused largely by high rates of top damage at close spacing. Breakage from ice 
storms and heavy falls of wet snow is a common occurrence in parts of America 
(Bramble et al., 1949). Ffolliou and Thompson (1976) report that snow damage in 
ponderosa pine, Pinus ponderosa, and subsequent recovery are related to tree size and 
stand density. Dense sapling stands suffer significantly more damage than thinned 
areas. 
In a separate experiment on slash pine, Bennett (1960) reports that height growth 
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shows no correlation with stand density. Alternatively Hamilton and Christie (1974), 
while investigating the effect of spacing on the growth of a variety of conifers in 
Britain, have shown that marginally greater top heights are associated with closer 
spacings. This is in accordance with the hypothesis that intense competition for light at 
close spacings induces greater height growth. The relative insensitivity of height growth 
to spacing forms the basis of the Yield Class system. 
Average diameter. 
There is more or less universal agreement that high stand densities result in reduced 
average tree diameter, e.g. Byrnes and Bramble (1955), Collins (1967), Jack (1971). 
Differences in diameter growth because of spacing are largely due to variation in crown 
size (Collins, 1967). 
Volume production. 
On an individual-tree basis, wide spacing clearly induces greater volume (Collins, 
1967; Byrnes and Bramble, 1955; Jack, 1971). However stand volume may be greater 
at high densities (Hamilton and Christie, 1974) as would be expected before canopy 
closure and self-thinning. 
Stem form and branch size. 
Increased taper has been associated with trees grown at wide spacing (Bramble et 
a!, 1949; Hamilton and Christie, 1974). Also, larger branches (and hence larger knots) 
feature in trees grown at wide spacing (Bramble et al, 1949). Jack (1971), studying 
Sitka spruce, reported that widely spaced stands (less than 500 stems per hectare) had 
approximately 8 branches per whorl as distinct from approximately 7 at closer spacing 
at the whorl nearest to 24 cm diameter. Also, the branch diameter was about 0.5 cm 
greater in the case of the widest spacings. 
Crown size. 
Live crown ratio (length of live crown/tree height) is considerably greater in widely 
spaced trees (Collins, 1967). Kramer (1966), studying conifer stands in Scotland, 
reports how high densities clearly induce reduced crown sizes. 
Several general conclusions can be drawn from this review: 
Simple yield-density relationships such as the 312 power law apply best to fully 
stocked sites, and are less likely to be of use in the agroforest situation because of 
incomplete canopy closure. 
Tree diameter and volume are good indicators of how tree growth varies in 
response to different espacement treatments. Height growth, however, is not, and may 
therefore be a good indicator of site quality. 
Tree growth form (branchiness, taper) is markedly influenced by spacing. 
20 
(iv) Crown size is reduced at close spacings. Tree growth is likely to be closely 
related to this variable (photosynthetic surface area), and therefore it would be desirable 
to derive equations relating crown size and stand density. 
2.4 Analysis of CA! patterns in relation to stand density and age. 
The aim of this section is to examine patterns of stand and individual-tree CAI for 
stands at different spacings to see if any obvious relationships between these variables 
exist. In particular, it would be useful to find evidence for an asymptote representing 
growth under competition-free conditions. This would set limits within which 
production in agroforest stands could be predicted with a high degree of certainty. 
Patterns of stand CAI are shown in figures 2.4a and 2.4b for Scots pine (Forestry 
Commission data) and radiata pine (van Laar, 1982), for a variety of planting spacings: 
Figure 2.4 Patterns of stand CA! for Scots pine and radiata pine for various planting spacings. 
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Features to note are: 
Stands planted at the closest spacings show similar patterns of CM. This is 
because their canopy has closed by the time records begin, and the growth trend reflects 
that of maximal site utilisation. Hence an "envelope" representing maximal stand CAI 
can be defined. 
The growth rate of stands planted at wide spacing falls well short of the 
maximum envelope. This gap demonstrates the inability of these stands to fully utilise 
site resources. Simple visual observation of these curves does not readily suggest how 
new lines representing the growth of more widely spaced could be derived. 
It is obvious that, as well as degree of canopy closure, age has a considerable 
effect on CAI - there is an intrinsic pattern of decreasing CAI after canopy closure. 
There may be several causes of this effect: 
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In older stands there is an increased demand associated with long-lived non-
photosynthetic tissue (Moller, 1947; Waring and Schlesinger, 1985). After canopy 
closure the amount of foliage stabilises, along with the cross-sectional area of sapwood 
which supports that foliage (see §3.4). As trees continue to increase in height, 
however, their sapwood volume will increase, along with its associated respiratory 
cost, leaving less assimilate available for growth. 
After canopy closure, a period of retrogression ensues. This has been attributed 
to a general decrease in efficiency of growth processes. Increasing distances between 
foliage and roots as trees age may cause reductions in growth because the phloem 
system is only effective over limited distances (Wareing and Seth, 1967; Spurr and 
Barnes, 1980). Alternatively, once fully mature, competition between trees may 
diminish. Increases in height to achieve a competitive edge over neighbours would 
involve considerable investments in stem biomass. Instead, tree crowns open up, the 
density of foliage is diminished, and hence stand growth rate is reduced (Tourney, 
1928). This may simply be an ageing effect of trees. 
Wood density tends to increase as trees age, hence reducing volume per unit of 
assimilate invested (see §3.2.4). 
Decreasing amounts of carbon may be allocated to stem biomass in the latter 
stages of a tree's life (see §3.2.3). 
For the purposes of modelling, it shall be assumed that the CAT pattern of forest 
stands can be divided into two distinct stages: 
Stage I: growth until canopy closure. The progressive increase in tree and canopy 
size produces a corresponding increasing trend in CAI. 
Stage II : growth after canopy closure. A steady decline in CAI results from the 
factors outlined above. 
It is useful to examine individual-tree CAT trends for trees at different spacings, 
since this will show most clearly any evidence for an asymptote in growth rate. 
Patterns of individual-tree CAI are shown in figs 2.5a and 2.6a, as well as trends in 
volume per tree in figs 2.5c and 2.6c (overleaf). Points of interest are: 
As would be expected, growth rates and tree sizes are greatest in trees planted at 
the widest spacings. At first sight, growth trends for Scots pine planted at 3.0 and 4.5m 
spacing are the same (figures 2.5a, 2.5c), suggesting that between-tree competition has 
been reduced to zero, i.e. an asymptote in growth rate has been achieved. However, 
figure 2.5b shows that this trend stems from the fact that the current spacings of the two 
stands assume the same value. 
Figures 2.6a, 2.6c show that radiata pine trees planted at spacings of 6.36 m 
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Figure 2.5 Individual-tree characteristics for Scots pine YC 10 for 4 planting spacings. 
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Figure 2.6 Individual-tree characteristics for radiata pine for 4 planting snacings. 
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and 9.0 m had similar sizes and growth rates at an age of 10 years, the implication 
being that no inter-tree competition occurred up to that point. Figure 2.6b shows that 
this was not a result of changes in espacement regime as was observed in Scots pine. 
However, as the trees in the 6.36 m stand mature further, their growth becomes 
markedly reduced in comparison to those in the 9.0 m stand, inferring the onset of 
competition. It seems likely that trees in the stand planted at 9.0 in will remain free of 
competition throughout much of their lives, but the available data cannot adequately 
support this. 
It is unfortunate that data are not available for forest stands in Britain for 
spacings of 6.36 in or wider which might facilitate prediction of growth at any wide 
spacing, and for completely open-grown trees. 
Before the age of first thinning stand density, and hence current spacing, 
hardly change, yet CA! increases during this period as the trees age (figs 2.5d, 2.6b). 
Therefore, spacing or density by themselves are poor predictors of growth while the 
canopy is still closing (throughout much of the life of an agroforest stand). 
In conclusion, there is simply not enough evidence provided by these analyses to 
allow the extrapolation of growth curves to wider spacings. 
2.5.1 Introduction. 
It is apparent that competition between trees for resources such as light causes the 
reduced growth of individual trees at narrow spacings. Since analysis of CAT trends 
revealed no obvious way to extrapolate to wide spacings, a logical way to proceed it to 
try and relate CAT to these competitive interactions, which can be quantified by means 
of competition indices. If tree growth could then be related to stand characteristics by 
means of competition indices, this would potentially allow the prediction of growth at 
agroforest spacings, or in the absence of competition altogether. 
Competition indices relate to the spatial distribution of trees and their sizes. In 
theory, the growth rate of a tree, P, can be related to potential growth in the absence of 
competition, P0, by a competition index, CI: 
P = P0(1.0 - CI) 	 05; CI !~ 1.0 
The influence of a competitor depends on its size and proximity to the subject tree. 
As a first broad category, competition indices can be either distance-independent or 
distance-dependent. A wide range of each type is described by Lorimer (1983) and 
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Martin and Ek (1984). Distance-independent indices do not include a term which relates 
the proximity of individual trees to each other, whereas distance-dependent models do. 
Distance-independent measures of competition are often dangerous to apply because the 
spatial distribution of trees is ignored. Typical examples are volume and basal area per 
hectare. 
Indices that take account of the spatial pattern of individual trees may be grouped 
into the following categories (Lorimer, 1983): 
Indices incorporating relative diameters and distances between subject trees and 
competitors, e.g. Hegyi (1974), Daniels (1976), Hamilton (1969). 
Indices that quantify the overlap of hypothetical "zones of influence" of 
neighbouring trees, e.g. Opie (1968), Bella (1971). 
Indices based on growing space polygons that measure the area potentially 
available to each tree, e.g. Moore et a! (1973). 
One of the most widely used diameter-distance indices is that developed by Hegyi 
(1974) when studying jack pine: 
Cl 1 = (D ID1 )/DIST1 
j=1 
where: 	Cl1 = competition index of subject tree i 
D = diameter at breast height 
DIST1J = distance between tree i and competitor  
N = number of competitors 
However, if the diameter of all trees is the same, this index simply reduces to 
density/spacing. 
The implementation of such an index usually requires restrictions to be imposed on 
the maximum distance within which trees are included as competitors of the subject 
tree. 
The concept of the "influence zone" has been defined by Opie (1968) as "the total 
area over which the tree may at present obtain or compete for site factors". The degree 
of competition experienced by a tree depends upon the extent to which it shares its 
maximal zone with the zones of other trees. The maximal zone is the area that would be 
occupied by a tree when unrestricted by competition. The method is disadvantageous in 
that it assumes that a certain amount of overlap indicates a particular level of competitive 
effect whether it derives from a large number of small trees or a few large ones. Bella 
(197 1) overcame this by providing a weighting factor to large trees based on the ratio of 
the diameter at breast height of the competitor and that of the subject tree. 
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2.5.2 Methodology, 
2.5.2.1 Model design. 
Section 2.5.1 above has shown that competition indices can be defined as equations 
incorporating any number of stand/individual-tree characteristics. To allow rapid and 
easy examination of CA! in relation to any number of different competition indices, a 
data handling model, YCanalyse, was constructed in Macintosh Basic. This allows the 
user to make up his/her own competition index, incorporating any of the variables listed 
below. The index is then calculated for either Forestry Commission data for Scots pine, 
or the South African radiata pine data, for a range of spacings or Yield Classes at once, 
and results are plotted graphically on the computer screen. The variables are: 
height (m) (100 largest trees had) 
density (stems ha 1 ) 
mean diameter breast height (cm) 
basal area (m2 had) 
volume (m3 ha-1 ) 
cumulative basal area (m 2 ha 1 ) 
cumulative volume (m 3 had) 
stand CA! (m3 ha 	-1) 
age (years) 
current spacing (m) 
tree CA! (m3) 
For all these analyses it is assumed that the trees are all exactly the same size. 
The user interface is user-friendly, involving the use of a mouse to operate buttons 
on the screen, as is illustrated in fig. 2.7. 
YCanalyse incorporates five mathematical operands, whose priority is as follows 
(priority 1 done first): 
operand definition priority 
+ 	addition 	3 
- subtraction 3 
* 	multiplication 2 
I division 	2 
** 	power of 1 
Normal priority can be over-ruled by the insertion of brackets. In addition, ten 
functions are available, which assume a higher priority than any operand: 
SIN sine (radians) 	ASN arcsine 
W. 
COS cosine ACS arccosine 
TAN tangent ATN arctangent 
EXP exponential ABS absolute value 
LN log base e SGN sign (positive arguments return 
a value of 1, otherwise 0) 
Figure 2.7 Diagram of user interface of YCanalvse. 
2.5.2.2 Analysis of competition indices. 
A wide range of indices was investigated, including both distance-dependent and 
distance-independent measures. While it is realised that those of the latter type, e.g. 
individual-tree volume, are unlikely to be of any use for describing competition in the 
agroforest situation, because they do not incorporate the critical aspect of tree spacing, 
they are included to demonstrate this. 
The following competition indices were applied to data relating to Scots pine, Yield 
Class 10. All analyses were done using YCanalyse, except those relating to influence 
zone overlap, which were computed separately: 
27 
numbe 	CI units 
1. tree volume m3 
2. tree basal area 
3. volume/growing space m 
4. height/growing space m 1 
5. 100  influence zone m2 
6. 200  influence zone 
7. crown basal area 
8. density/spacing (Hegyi) m 2 ha-1 







(0.07879*mean_dbh+0.77 1)**2*3.  14 
density/spacing 
Indices 3, 4, 5 and 6 were also applied to the radiata pine data. 
The crown basal area competition index is based on an expression for stand density 
derived by Krajicek eta! (1961). They computed an equation relating diameter at breast 
height, d.b.h., to crown radius for 340 open-grown trees in Iowa, U.S.A., including 
157 Norway spruce (Picea abies). Crown width and d.b.h., were found to be highly 
correlated according to the following equation: 
y = 1.576x+1.542 
where: 	y = crown width (m) ; x = d.b.h. (cm) 
The competition index, CI (m2) is then given by: 
CI = ir[(1.576dbh + 1.542)12]2 
where : dbh = diameter at breast height (cm). 
Influence zone overlap competition indices were computed in the following 
manner. Firstly the zone radius, r (m) was calculated, which simply depends on tree 
height (m) and apex angle, a: 
Figure 2.8 Computation of influence zone radius 
a 
height 
	 r = height TAN(a) 
r 
The total amount of overlap of the zone of a subject tree with those of all 
surrounding trees is then given by 
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r 
CI = 16 	f4(r 2_  z 2 ) dz 
k=1 S 
where: 	s = k.spacing/2 (m) 
z = distance from centre of zone (m) 
k = distance of object zone from subject zone (number of trees) 
n = number of trees in one direction whose zones overlap with that of the 
subject tree. 
Multiply by 16 because: 
Complete overlap is 4 time the shaded area above (the integral) 
Trees emanate from the subject tree in 4 directions. 
The equation solves as: 
n 
= 16 	
r2 	- arcsin(+)) - s.I(r 2 s2) 
k=1 	 2 
Note that this equation is only valid when all trees are exactly the same size, and 
hence have equally-sized influence zones. 
Influence zones were not computed using YCanalyse because of the summation 
term in the above equation. A separate computer program was implemented to do these 
analyses. 
Two graphs were produced resulting from the application of each index: 
Individual-tree competition. The object here is to look for trends of diminishing 
competition associated with trees grown at progressively wider spacings. For this 
purpose, individual-tree competition is plotted as a function of stand age, for three 
planting spacings. 
CA! as a function of competition index, CI. As Cl is reduced, growth should 
progressively increase if the index is valid. 
2.5.3 Results. 
Results are presented graphically in figures 2.9, 2.10 and 2.11 overleaf. 
As expected, the three distance-independent indices examined - volume, basal area and 
crown basal area (figs. 2.9a, 2.9c, 2.10e) - all unsatisfactorily quantify competition; 
higher levels of competition are actually predicted at wider spacings. Simple indices 
such as volume have already been adequately investigated in §2.4. Repeating their 
investigation here does, however, enforce the fact that they do not reflect competition 
processes happening in stands. These indices simply reflect the vigour of individuals 
rather than the desired competitive interactions.To adequately compare competition 
levels between different spacings distance-dependent indices must therefore be used. In 
addition, index 8 (density/spacing) showed the same trend, and hence was considered 
of little predictive value. 
The remaining indices all show increased competition levels between closely spaced 
trees (figures 2.9e,g; 2.10a,c; 2.11a,c,e,g). 
The index height/growing space predicts that, for trees grown at wide spacings, there is 
relatively little change in competition levels throughout the entire life of the stand 
(figures 2.11c,d; 2.9g,h). This is clearly unlikely to be the case. Competitive 
interactions are a function of both espacement regime and tree size. The use of tree 
height in competition indices is therefore potentially unreliable because it reflects stand 
age more than it does height and vigour (§ 2.3). 
The remaining indices : volume/growing space, and the influence zone overlap 
indices (figures 2.1 la,e,g; 2.9e; 2. lOa,c) all show expected trends of increasing CI 
with increasing stand density and age. For these indices, greater rates of growth occur 
at low CI values (figures 2.11b,f,h; 2.9f; 2.1Ob,d). However, the use of influence zone 
overlap measures of competition is somewhat circumspect because the choice of apex 
angle, cx, is purely subjective, and the zone radius is a function of tree height, which 
has been shown to be a poor character for use in competition indices. 
This leaves volume/growing space as potentially the most useful index. Note that 
this index is essentially analagous to volume per hectare. The following section 
describes the construction of a model, simply called CIMODEL, which uses this index 
to predict CA! over a complete rotation using a time step of two and a half years, and 
which can be applied to any desired planting spacing. In this work, the word "rotation" 
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Figure 2.9 Competition indices 1 -4 applied to Scots pine. YC 10. for 3 nlanting spacings 
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Figure 2.10 Competition indices 6 - 8 applied to Scots pine. YC 10. for 3 planting soacings. 
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Figure 2.11 Competition indices 3 - 6 =lied to radiata pine, for 3 planting spacings. 
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The data relating CAI to competition index volume/growing space for radiata pine 
(figure 2.11 b) was used for analysis. Equations (straight lines) relating CAT per tree to 
competition (volume/growing space) were calculated using regression analysis for each 
stand age (10, 12.5, 15, ..., 37.5 years), shown in figs. 2.12a and 2.12b (shown 
overleaf). 
Figure 2.12a Diagram showing equations relating CA! per tree to competition index (volume/growing 
space) for radiata pine, stand ages 10 to 22.5 years. 
Points on graph relate to data values for spacings 3.18,3.7,4.5,5.19,6.36,9.0m. 
y 	line no, symbol equation 
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0.10 
competition index (m) 
Provided the competition level (individual-tree volume and stand density) are 
known for the first line (line 1, fig. 2.12a), i.e. at stand age 10 years, then the volume 
increment can be computed for the next two and a half years. A new competition level is 
calculated, and from this a new CAT, and this process is repeated throughout the life of 
the stand. The model structure is outlined overleaf in fig. 2.13. 
Figure 2.12b Diagram showing equations relating CA! per tree to competition index (volume/growing 
space) for radiata pine, stand ages 25 to 35 years. 
Points on graph relate to data values for spacings 3.18,3.7,4.5,5.19,6.36,9.Om 
ym line no, symbol 	equation 
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32.5 10 • y = 0.1599 — 1.5587x 
35 	11 	x 	y=0.1465-1.3817x 
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Figure 2.13 Program structure : CIMODEL. 
Define equations 
Input initial tree volume, stand density 
Loop over years (lines 1-11) 
Input new stand density 
Calculate competition index 
Predict CAI from equations 
Multiply CAI by 2.5 to give increment over 2.5 years 




Programming was done in Macintosh Basic. 
The model was run for spacings of 4.5 and 9.0 m, and used in addition to predict 
the CAI pattern for an open-grown (competition-free) radiata pine tree. Clearly, the 
predictions for 4.5 and 9.0 m are simply checking that the model operates sensibly; 
predictions are not validating the model because an independent data set is not being 
used. Results are shown overleaf in fig. 2.14. 
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Figure 2.14 Test of model CIMODEL for spacings 4.5m. 9.Om and oDen- grown trees. 
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The model is good at predicting CAI within the range of data from which it was 
specified (the predictions for 4.5 m and 9.0 m are very close to the observed data). 
However, the accuracy of prediction for open-grown tree growth is open to question. A 
major underlying assumption of the model is that the data shown in figures 2.12a and 
2.12b was best fitted by straight lines. In reality, the data could have been just as 
closely fitted with curves. For the model to be considered reliable, data for rates of 
growth of open-grown trees is required. 
Next, an attempt was made to apply the model to Scots pine, Yield Class 10. 
Graphs showing CAT as a function of competition (volume/growing space), for various 
stand ages are shown below in figure 2.15 overleaf. Values for the 4.5 in spacing were 
obtained by interpolation using Newton's forward difference interpolation formula of 
degree two (Newby, 1980) - this procedure is described in detail in section 3.5.2.3. 
It is clear that in this case sensible linear equations cannot be derived to relate tree 
CAT to competition index. Extrapolation of such lines to the y-axis would result in 
ludicrously large values for the CAI of open-grown trees, except for a stand age of 25 
years. It seems that after canopy closure, this competition measure becomes a relatively 
poor predictor of CAI in Scots pine. Interestingly, the results suggest that, at stand age 
25, the CAI of open-grown trees would probably only be slightly greater than that of 
trees planted at 4.5 m spacing (assuming a linear relationship between CAI and 
competition index), although unfortunately there are no field data to confirm this. 
Extrapolation outwith the range of data shown in fig. 2.15 for stand ages greater than 
25 would clearly be highly dangerous. 
Figure 2.15 Relationship between CA! per tree and competition index (volume/growing space) for 
Scots pine Yield Class 10. and stand ages of 25. 35. 45 and 55 years. 
Points on graph relate to spacings of 0.9, 1.4, 2.5, 3.0 and 4.5 m. 
Values for the 4.5 m spacing were obtained by interpolation. 
0 25 years 	• 35 years 	o 45 years 	 • 55 years 
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Nevertheless, this modelling approach has revealed a potentially powerful 
mechanism for predicting individual tree CAT as a function of competition, and should 
improved data bases (i.e. for wide spacings, and for stand ages less than 20 years) 




It is clear from the previous sections that the major handicap when predicting tree 
growth at agroforest spacings in Britain is a complete absence of data for widely spaced 
trees. However, the data do exist for radiata pine grown in South Africa. As a last 
resort, it was decided to try and predict the growth of forest stands in Britain on the 
basis of growth trends observed in South Africa. To do this it is necessary to assume 
that the relative growth of stands at different spacings in South Africa is the same as that 
for British stands. This assumption is based on the hypothesis that the pattern of 
canopy development (and hence photosynthetic production) will be much the same 
between different coniferous species and sites - only the rates and magnitudes of 
development will differ. Possible objections to this hypothesis are: 
Britain (50'N to 59'N) and South Africa (25'S to 33'S) occupy different 
latitudes relative to the equator. The more extreme location of Britain means that more 
incident radiation originates from high zenith angles, and therefore stands at wide 
spacing in Britain might be expected to absorb relatively more light than similarly 
spaced stands in South Africa. 
The growth trends shown by radiata pine may be quite different to those of 
British species, for example as a result of genetic or morphological differences. 
Different environmental variables may play limiting roles in South Africa (e.g. 
water stress instead of light), and hence the competition process between trees may be 
quite different (e.g. between roots rather than foliage elements). 
2.6.2 Methodology. 
A stand/individual-tree empirical growth model, CAIFORMS, was implemented, 
based on the following assumptions: 
CA! curves can be separated into the two stages I and II, which are distinct in 
that the rate of one will not necessarily affect the rate of the other. 
The general form of CAI curves does not differ between species and sites; only 
their slopes and maximal y-values may differ. This is a major assumption in the model 
and is based on the hypothesis that the pattern of canopy development (and hence 
photosynthetic production) will be much the same between different coniferous species; 
the rate will, however, differ between species and sites depending on factors such as 
photosynthetic efficiency and site quality. 
Stage I (2.4) can be simulated assuming a continuously increasing CAT at a 
constant rate. Conversely stage II may be represented using a continuously decreasing 
CAT at a constant rate. This results in the following type of pattern: 
Figure 2.16 Concentual pattern of stand or individual-tree CAT. 
4 	 P1,P2: x-axis insertion points (years) 
a,j :angles (degrees) 
G1 - tan a G2= tan 
a 00 
	stand age (years) 
It can be seen that each line has two important parameters - the insertion point to the 
x-axis (P 1 . P2 : years) and its gradient (G 1 , G2 m3 year-1 ). The total cumulative 
volume growth is then given by the area enclosed by the two lines. While it is realised 
that the linear approximations made above do not perfectly mimic reality, visual 
comparison for figs. 2.16 and 2.2 does suggest that they are not totally unreasonable. 
In terms of both pure mathematics and interpretation of results, it is easier to represent 
these relationships with straight lines rather than curves, and therefore the rationale for 
their use was that of Occam's razor (Keeton, 1976), which states that if several 
explanations are all compatible with the evidence at hand, then the simplest should be 
considered most acceptable. 
The slopes of the lines representing stages I and II (fig. 2.16) are related to 
initial planting spacing. The relative slopes between different spacings will always be 
the same, regardless of species and site. 
It is apparent that, in some species, growth is very slow indeed in the early 
years. Therefore the line representing stage I need not pass through the origin, but may 
be shifted to the right along the x-axis. 
The model may operate on the basis of individual-tree or total stand CAI. In the 
case of the former, it is assumed that growth rates are dependent on initial density 
(assumption (iv) above), and that changes in density as stands age need not be 
considered. This is reasonable, because most thinning occurs after canopy closure, 
when initial spacing has little, if any, effect on stand increment anyway. Hence, for 
parameterisation purposes, when actual site data for individual-tree CAI was computed 
and plotted in graphs (e.g. fig. 2.17a), individual-tree CAI is calculated by dividing 
stand CAT by initial density. 
Lines representing stages I and II of growth were fitted as shown in fig. 2.17 
overleaf, where G 1 and G2 are the gradients of the lines. 
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Figure 2.17 Simulation 1inestitted to the racliata pine data. for five spacings. 
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Forecasting growth from these lines gives the cumulative volume yields shown in fig. 
2.18 (these are simply calculated as the area enclosed by the lines shown in fig. 2.17). 
Figure 2.18 Cumulative volume growth as predicted from lines fitted as shown in figure 2.17 
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Clearly, the fit is extremely good. In order to use the model to investigate other data 
sets, equations were derived relating G and 02 to density (stems ha -1 ) or spacing (m), 
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individual tree: 	G, - 0.0105 - 0.0001076density06 
G2 = 0.0007727 spacing - 0.0011 
stand: 	 G 1 = 1.2891density025 - 3.3013 
02=0.6893 + 0.0012density 	density .5 494 
G2 = 1.2891 	 density > 494 
Visual observation of fig. 2.17b suggests an asymptote (maximal value) for 02 
which occurs at a spacing of about 4.5 m. This is compatible with observations made in 
§2.4. The goodness of fit of these relationships to the original data is shown below: 
Figure 2.19 Goodness of fit of equations for computing Gi and 0, . Data points are as shown in 
fig. 2.17a.b,. 
a) Individual tree equations. 
The model is programmed in Macintosh QuickBasic, and operates by drawing on 
the computer screen lines computed from the above equations corresponding to up to 
five spacings chosen by the user. These lines then act as a template against which a new 
data set must be fitted, using either or both of the following operations: 
Altering the position of P 1 or P2 (fig. 2.16). 
Multiplying the gradients G 1 and G2 by scaling factors, M 1 and M2 (note: this 
will change the absolute gradient of the lines, but not their gradient relative to each 
other). 
The user fits his/her data to the template by eye. The results achieved by this 
method were considered adequate, although it is recognised that a more objective 
line-fitting process operated by the computer might be more appropriate. 
On completion of this process, the CAI (individual-tree : m3 tree- ; stand: m3 ha- 1 ) 
is related to stand age, A (years), as follows: 
stage I: CAI =G 1M 1 (A-P I) 
stage II: CA! = G2M2(P2 - A) 
The user interface is illustrated below, showing the various edit fields and buttons 
which allow the user to perform the operations outlined above: 
Figure 2.20 User interface of CAIFORMS. 
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The positioning of M 1 , M29  P2 and in particular P 1 is subjective. Because of this, 
the general policy adopted was to adjust these parameters such that a good result 
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(cumulative volume) was achieved for the widest spacing (this is likely to be nearest the 
centre of the range of the data from which the model was parameterised) for which real 
data exists. The manner in which the model then predicts cumulative volumes for the 
other spacings then determines the validity of the model. 
Finally, the computer either plots out graphically, or tabulates, cumulative stand 
volumes (as predicted by the model) up to a specified stand age, for up to five planting 
spacings at a time. 
2.6.3 Results. 
The output of two typical predictive runs of CAIFORMS are displayed graphically 
in figs. 2.21 (individual-tree) and 2.22 (stand). Note that individual-tree CAI for the 
site data was calculated by dividing stand CM by initial density. 
Figure 2.21 Diagrams of fitted lines and predicted cumulative volume using individual-tree 
growth equations. for Scots pine. Yield Class 10. 
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Settings: Individual tree &ivations, P1= 13 : P 2 = 125 : M 1=0.115 : M2= 0.15 3 : 6.36m 6: 15.Om 
a) Fitted CAI lines. 800 b) Predicted stand cumulative volume. 
4.5m line fitted 1 
E 
_ 
0 	stand age (years) 	8'0 
The following remarks may be drawn from these diagrams: 
(i) The individual-tree approach to predicting stand cumulative volume is 
inadequate. Having been set to predict volume at 4.5 m, the model's prediction for 3.0 
m spacing was poor (figure 2.21b). The prediction for 2.0 m in this diagram was not 
shown because it was a ridiculous negative result. This version of the model was 
incapable of being extrapolated beyond the range of spacings from which it was 
designed (3.2 to 9.0 m). 
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Figure 2.22 Diagrams of fitted lines and predicted cumulative stand volumes using stand growth 
equations for Scots pine Yield Class 10, 
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Settings: Stand growth equations, P 1 = 12: P2= 122: M 1= 0.120 : M2= 0.15 	 : 
a) Fitted CAI lines. b) Predicted stand cumulative volume.  
800 . • 	
,, 
1 










-1....0.iiliIii ii; :::::::::::. ......8 
0 stand age (years) 80 
The stand-CAI approach was suitable for predicting cumulative volume for 
spacings as close as 3.0 m and 2.0 m (fig. 2.22b), although the correlation was poor 
for the 0.9 m spacing trial. Cumulative volume was, however, somewhat 
underestimated in the early years of growth (up to about age 30 years) at these closer 
spacings. 
Both approaches produced sensible and similar estimates for stand growth at 
spacings of 6.36 m and 9.0 m. 
Although there are no field data to make a realistic comparison, growth at 12.0 
m and 15.0 m is more sensibly predicted using the individual-tree model version than 
the stand version - almost no growth at all occurs for the 15.0 m spacing when using 
the latter version which is clearly unrealistic. 
Based on these observations, it was decided to adopt the stand approach as the 
most suitable predictor of stand growth in Britain because: 
Forestry Commission data does not exceed 4.5 m, and rarely exceed 3.0 m. 
Therefore it is important that the model should be capable of being parameterised 
precisely against either of these spacings before being used to predict growth at wider 
spacings. 
The predictions for growth at 6.36 and 9.0 m spacings were predicted by both 
approaches to modelling, although it must be emphasised that predictions using the 
stand CAI version of the models are likely to be most reliable in the latter stages of the 
rotation (after stand age of about 30 years). 
Planting spacings of 6.5 m and 9.0 m were selected for further analysis. Fig. 2.23 
overleaf shows three more examples of predictive runs of the model, for a variety of 
species. Although there is no data for wide spacing to adequately validate the model, it 
is apparent from these diagrams that the model is behaving in a reasonable manner. 
Finally, the results of 16 runs of the model, ranging over a variety of species for 
which data were available, are tabulited overleaf in tables 2.1 and 2.2. 
2.7 General comments. 
Detailed discussion shall be reserved for chapter 5. Nevertheless, it is worth 
making some comments before proceeding to the next chapter. 
The major problem encountered in these empirical analyses was a lack of suitable 
data. Simple relationships between CAI and age or density could not be easily derived. 
Because of this, the logical continuation was to try and relate CA! directly to the 
competition process, by means of competition indices. Some indices did show 
potential, particularly volume/growing space. However these indices, although useful, 
do not explicitly treat the competition process (e.g. by directly quantifying competition 
for light between foliage elements of neighbouring trees), and hence extrapolating the 
use of these indices to wide spacings is inherently dangerous. A competition-based 
model could not be successfully parameterised for British stands, because of an absence 
of data for stands planted at spacings wider than 4.5m. 
A useful empirical model, CAIFORMS, was developed based on direct 
extrapolation of growth trends for widely spaced radiata pine grown in South Africa. In 
the absence of British data, these predictions should be considered the best available. 
However, the highly empirical nature of the model does not readily lend itself to 
prediction of interactions between trees and other agroforest components. A mechanistic 
tree growth model, FORESTS, is therefore developed in the next chapter, to try and 
both predict the volume increment of agroforest trees, and link with submodels of other 
system components. 
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Figure 2.23 Diagrams of fitted lines and nredicted cumulative stand volumes using stand growth 
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Table 2.1 Cumulative volumes (m3 hi as predicted by CA1FORMS for a variety of forest stands 
grown in Britain at spacings of 6.5m and 9.0m. 
case 1 case 2 case 3 case 4 
age 6.5m 9.Om 6.5m 9.Om 6.5m 9.Om 6.5m 9.Om 
20 6 3 13 7 24 14 17 10 
25 17 9 30 17 47 27 30 17 
30 32 18 54 30 78 44 47 27 
35 54 30 85 48 117 66 69 39 
40 80 46 123 70 164 93 95 54 
45 112 64 169 96 218 124 124 70 
50 149 85 221 125 279 158 157 89 
55 192 109 277 159 341 198 195 110 
60 238 136 330 196 399 242 233 134 
65 282 166 379 237 453 287 268 159 
70 322 198 424 276 502 330 299 186 
75 358 230 465 311 547 368 327 210 
80 391 258 502 344 588 404 351 230 
case 5 case 6 case 7 case 8 
age 6.5m 9.Om 6.5m 9.Om 6.5m 9.Om 6.5m 9.Om 
20 23 13 45 26 2 1 10 6 
25 48 27 84 48 11 7 32 18 
30 82 46 136 77 29 16 66 38 
35 124 70 200 114 54 31 112 64 
40 176 98 278 158 88 50 171 97 
45 236 134 360 208 130 74 242 137 
50 297 173 437 266 179 102 314 184 
55 353 217 507 326 230 134 382 238 
60 405 261 572 381 280 171 447 293 
65 451 301 630 431 327 211 507 345 
70 493 337 682 476 372 250 564 394 
75 530 367 728 516 415 286 617 439 
80 562 396 768 550 456 322 666 481 
case 1 2 3 4 5 6 7 8 
species SP SP SP CP CP CP NS NS 
Y.C. 10 12 14 10 14 18 10 14 
W.K.S 4.5m 4.5m 4.5m 4.5m 4.5m 4.5m 3.Om 3.Om 
P i  12 10 7 5 8 6 16 13 
P 2 122 125 125 110 110 110 170 140 
0.120 0.160 0.175 0.090 0.200 0.280 0.180 0.275 
M 2 	10.150 10.160 10.175 10.150 10.200 10.250 10.090 10.160 
Species codes : SP Scots pine ; CP Corsican pine 
NS Norway spruce 
W.K.S. = widest known spacing (Forestry Commission records) 
Y.C. = Yield Class 
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Table 2.2 Cumulative volumes (m3 ha as predicted by CAIFORMS for a variety of forest stands 
grown in Britain at spacings of 6.5m and 9.0m. 
The aim of this section is to design and implement a stand growth model to predict 
stem volume production of agroforest stands. Where possible, mechanistic principles 
are incorporated into the model to permit extrapolation of results to unknown scenarios 
for which production rates are unknown, and to provide insight into which factors are 
of most importance in determining the growth of agroforest trees. 
3.1 Introduction. 
Several factors are of importance in modelling agroforest stem volume increment: 
Assimilate production. This is primarily a function of the amount of light 
intercepted, which is closely related to spacing and tree dimensions, and the efficiency 
of energy conversion. If light saturation of the photosynthetic machinery is 
considerable, then not only must amounts of light intercepted be calculated, but also the 
relative frequencies of different intensities impinging on leaves within the canopy. 
The respiratory costs associated with growth and maintenance of tissues. 
The partitioning of remaining assimilate between different biomass 
compartments. The demand of the various sinks for assimilate may differ between 
conventional forestry situations and that of an agroforest, for example in response to 
environmental stresses such as wind. A concomitant change in carbon partitioning 
patterns might then be expected. 
The prediction of volume increment from stem biomass increment. This 
problem is complicated by differences in wood density laid down between trees, and 
how these relate to variables such as spacing. 
The senescence and turnover of biomass components. 
The parameterisation of a highly complex mechanistic model will be difficult if not 
impossible in places. In order to achieve simulation results with a reasonable degree of 
reliability the modelling approach may therefore have to resort to empiricism at times. 
At all stages a balance must be struck between the need to simulate processes 
mechanistically to allow extrapolation to unquantified (agroforest) situations, and the 
use of empirical relationships which are likely to be reliable for known data sets, but 
which can only be extrapolated to new situations with care. The outcome of this choice 
depends on the level of available biological knowledge about given processes, and an 
assessment of the reliability of extrapolating associated empirical relationships. 
A full understanding and assessment of the factors influencing agroforest tree 
growth is necessary before embarking on the modelling itself. Literature reviews 
relating to the factors outlined above are presented in §3.2 below. In addition, a review 
of modelling strategies is presented in §33. 
3.2 Literature reviews: important factors affecting tree growth. 
3.2.1 Assimilate production by coniferous trees. 
The photosynthetic rate of a tree can be defined as the product of the amount of 
light intercepted and the efficiency of the intercepting tissue (Hesketh and Baker, 1967; 
Jarvis and Leverenz, 1983). Adequate consideration must be taken firstly of those 
factors which control the amount of radiation absorbed, and secondly of those which 
influence the efficiency of energy utilisation. 
At the simplest level, linear relationships have been demonstrated between stand 
growth rate and intercepted radiation (Jarvis and Leverenz, 1983; Linder, 1986; Vose 
and Allen, 1988). Similarly, linear relationships have been shown between assimilate 
production and foliage biomass in conifers by Kellomaki and Han (1980) and Teskey et 
a! (1987). These studies suggest that either light is being used with the same efficiency 
within tree crowns, or that some stand effect is acting to lineanise what might otherwise 
be a nonlinear effect. However, Waring eta! (198 1) demonstrated that for 36 year old 
Douglas fir, stemwood production per unit leaf area decreased linearly with increasing 
leaf area index. This suggests that competition between foliage elements for light results 
in some elements being shaded, and operating below maximal capacity. 
The efficiency of light utilisation depends on the slope of the light response curve 
and the light flux to the tissue. Light response curves almost universally show a 
transition between a linear relation at low intensities, followed by a lessening response 
per unit light at high intensities. This suggests that the use of an average intensity value 
to estimate photosynthesis is likely to produce an overestimate (Spitters, 1986). 
To investigate the aspects outlined above, the following literature reviews are 
presented: 
The manner in which foliage intercepts radiation. 
Variation of photosynthetic capacity between needles within tree crowns. 
Variation of photosynthetic efficiency on a seasonal basis. 
Problems of integrating light intensity over time, with special reference to 
L. 
sunflecks. 
3.2.1.1 The manner in which foliage intercepts radiation. 
The factors which determine how light is distributed with depth in a vegetative 
canopy are (Verhagen et al, 1963): 
Light intensity impinging on the system. 
Spatial distribution and orientation of leaves in relation to the incident light. 
Optical properties of the leaves. 
If a leaf element is oriented at an angle $ to the incoming beam of radiation of 
intensity I (W m 2), then the intensity of radiation per unit area of foliage, I (Wn7 2), is 
given by: 
I = I.sin4 
Hence not only leaves deep in a canopy, but also those near the top which have 
grazing angles of incidence with respect to beam radiation will be exposed to radiation 
loads well below the saturation point for photosynthesis (Allen et a!, 1974). 
Foliage elements are not distributed randomly throughout tree crowns, but are 
clumped onto shoots, and the shoots themselves are clumped onto branches. 
Oker-Blom et al (1983) have clearly shown that shoot geometry has a substantial effect 
on the photosynthesis of a coniferous shoot. Blackman (1962) has proposed that 
maximal photosynthetic efficiency may be achieved if the uppermost leaves in a canopy 
are steeply inclined, the lower ones becoming progressively less so, because of reduced 
amounts of foliage being saturated at high light intensity. This phenomenon does indeed 
occur in nature (Kellomäki and Oker-Blom, 1983; Carter and Smith, 1985). 
The clumping of needles into shoots has two main effects: 
Light penetration through the canopy is increased (Newton and Blackman, 
1970). 
Shading between needle elements on a shoot results in a spatial variation in light 
intensity over the shoot, and hence the photosynthetic light response curve for a shoot 
will differ from that of an individual needle (Leverenz and Jarvis, 1979, 1980a; Oker-
Blom, 1986). 
Penumbra has a major effect on the distribution of direct solar irradiance of forest 
stands. The penumbral area at a given height in a canopy is the area in which the sun is 
neither fully visible nor fully obscured (Oker-Blom, 1986). The penumbra results in a 
relatively even distribution of solar radiation over the foliage, compared to assuming the 
sun to be a point source at infinity implying that any point within the canopy is either 
fully irradiated or receives no direct radiation from the sun. The penumbral effect is 
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particularly important in canopies with small leaves, such as conifers (Anderson and 
Miller, 1974; Oker-Blom, 1985, 1986). 
Crown dimensions will clearly have a major impact on the process of light 
interception. The crown dimensions of a conifer can be defined in terms of tree height, 
crown width and the percentage of the bole occupied by the live crown, called crown%. 
A review of the effects of spacing on tree height has already been presented in §2.3. 
In theory, competition for light resources (and hence spacing between trees) should 
affect crown%, in that heavily shaded branches will be unable to produce much 
assimilate by photosynthesis and may therefore be unable to survive (Beekhuis, 1965). 
flonen et a! (1979) have demonstrated a close correlation between needle growth and 
crown illumination for Scots pine. They observed that branching of the crown system 
decreases at low light intensities. Similarly, Kellomaki and Oker-Blom (1983) showed 
that in older branches at lower levels in Scots pine trees the shoot number decreases, 
indicating the onset of natural pruning due to shading. 
Kramer (1966) lists four major factors which influence the crown% of conifers in 
Britain: 
Planting spacing between trees 
Subsequent thinning treatments 
Site quality class 
Top height of the stand 
However, there is a general paucity of quantitative data in the literature to 
substantiate these claims. 
Both Kramer (1966) and Eversole (1955) found that narrow spacings in conifer 
stands resulted in a diminution of crown% at a much earlier age than in equivalent 
stands planted at wider spacings. Studies by Beekhuis (1965) and Siemon eta! (1976) 
both showed increases in crown% as spacing between trees increased. Contrastingly, 
Curtis and Reukema (1970), studying Douglas fir plantations, found no significant 
difference in live crown length between trees planted at different spacings. In stands 
held at a constant density by repeated light thinnings, crown% might be expected to 
decrease with increasing tree height because crown length would remain relatively 
constant (Siemon et a!, 1976). 
3.2.1.2 Variation in photosynthetic efficiency between needles within 
tree crowns. 
Leverenz and Jarvis (1980b) have demonstrated that within a tree needles become 
acclimated to their local light environment, giving rise to so-called 'sun' and 'shade' 
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morphology and physiology. Such acclimation ensures that foliage exploits its local 
light environment with a high degree of efficiency. Various components of this 
acclimation are listed below: 
'Shade' leaves are larger and thicker than 'sun' leaves (McLaughlin and 
Madgwick, 1968; Leverenz and Jarvis, 1980b). 
'Shade' needles have a larger specific leaf area (area/biomass) than 'sun' 
needles (Lewandowska and Jarvis, 1977; Del Rio and Berg, 1979; Kellomäki and 
Oker-Blom, 1981,1983). 
'Sun' leaves have more stomata per unit leaf area than 'shade' leaves 
(McLaughlin and Madgwick, 1968; Gay and Hurd, 1975). 
There is less mutual shading in 'shade' shoots than in 'sun' shoots (Leverenz 
and Jarvis, 1980a). 
'Shade' needles have a higher chlorophyll content than 'sun' needles 
(Rabinowitch, 1951; Bourdeau and Laverick, 1958; Lewandowska and Jarvis, 1977; 
Del Rio and Berg, 1979). 
'Shade' needles have lower photosynthesis saturation and compensation points 
(Rabinowitch, 1951; Kuroiwa, 1960; Leverenz and Jarvis, 1979,1980a). 
Dark respiration is significantly higher in 'sun' needles than shade needles 
(Leverenz and Jarvis, 1979; Björkman, 1981). 
The initial slope of the light response curve is the same for 'sun' and 'shade' 
needles (Jarvis et al, 1976; Kull and Koppel, 1987). 
'Shade' leaves have lower soluble protein (enzyme) contents than 'sun' leaves 
(Berry, 1975; Björkman, 1981). 
The above adaptations allow leaves to convert trapped light energy to chemical 
energy with a high efficiency. Respiratory losses are minimised. The high specific leaf 
area of 'shade' leaves ensures that chlorophyll is spread over a large area for light 
capture. In addition, their high chlorophyll content makes them efficient light absorbers. 
Shade adaptation also involves a decrease in the amount of one or several catalysts 
that exercises a rate-limiting influence on photosynthesis (Rabinowitch, 1951); this 
produces a low light saturation level for the photosynthetic machinery. Protein 
(enzyme) synthesis requires energy and nutrients, which must be derived from the 
limited amount of photosynthesis which the plant can perform. After the protein is 
synthesised, energy is still required to maintain it (Berry, 1975). Hence, it is only 
worth a plant investing in photosynthetic enzymes if they will be put to full use. 
Because of the reliance of photosynthesis on enzymes, one might expect 
applications of fertiliser to forest stands to increase the overall efficiency of 
photosynthesis (carboxylase enzymes will be more easily formed). Miller and Miller 
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(1976) demonstrated a considerable increase in stem growth in Corsican pine, 
attributable to increases in both photosynthetic area and the net assimilation rate. Where 
a stand is subjected to repeated applications of fertiliser it should be possible to maintain 
it at a higher Yield Class than would otherwise have been possible (McIntosh, 1978). 
It is possible to study photosynthesis at the level of the single chloroplast. If the 
photosynthetic properties of all chloroplasts within a leaf are known, as well as their 
light environment, the total leaf photosynthesis is calculated by summing the 
photosynthesis of individual chioroplasts (Thornley, 1976). Complex light gradients 
occur in plant tissues as a result of the different cell types found within them (Seyfried 
and Fukshansky, 1983). The differing optical properties of palisade and spongy 
mesophyll cells result in different light environments, that of the latter being 
characterised by low intensity illumination enriched in green and far-red (Terashima and 
Inoue, 1984). These authors observed that chloroplasts within leaves had differing 
photosynthetic properties depending on their internal light environment, giving rise to 
'sun chioroplasts' and 'shade chioroplasts'. 
3.2.1.3 Seasonal variation of nhotosvnthesis and Dhotosvnthetic 
capacity, 
The photosynthesis of conifers varies on a seasonal basis (McGregor and Kramer, 
1963; Neilson et al, 1972). Photosynthesis tends to be low or zero during winter, then 
increasing during the spring to attain a maximum in summer, before decreasing again in 
autumn. Various factors contribute to this trend: 
Increased photosynthetic surface and light absorption in the summer months. 
The photosynthetic capacity of needles varies throughout the year. 
Physiological adaptation to low temperature (hardening) occurs in winter (Neilson et a!, 
1972). Complete hardening is a cumulative process brought about by repeated exposure 
to low temperatures. This reduction in photosynthetic capacity may be attributed to 
reduced chlorophyll levels (Bourdeau, 1959), along with various other processes such 
as membrane reorganisation, disappearance of starch, a buildup of soluble 
carbohydrates and reduced photosynthetic electron transport (Fry and Phillips, 1977). 
Lewandowska and Jarvis (1977) observed that the carotenoid content of needles was 
significantly higher in winter than in summer, the carotenoids were thought to protect 
the chlorophyll from the absorption of excess energy. 
Short term temperature variations are also apt to affect photosynthesis. For 
example, Neilson et a! (1972) showed that even brief exposure to -YC caused a 
significant reduction in photosynthetic rate. The effect of temperature on photosynthesis 
in Scots pine is of minor importance at temperatures higher than 3°C (Korpilahti, 
1988). 
3.2.1.4 Problems tjiTikti 	 intensity special  jIt 
III 	 - - 	 LI refererce—to—smTh1 
Light fluctuations occur within a canopy because of variations in cloudiness, 
changes in the sun's position, and due to wind (McCree and Loomis, 1969). 
Integrating light over time can therefore considerably overestimate carbon gain (Gross, 
1982; Hari et al, 1984). 
Two types of transient photosynthetic response may be recognised (Gross and 
Chabot, 1979; Chazdon, 1988): 
Short-term responses, involving changes in stomatal aperture, in response to 
light fluctuations such as sunflecks. 
Activation of carbon metabolism enzymes in response to long term light 
variations involves considerably longer time periods. These induction processes affect 
the 'readiness' of a leaf to respond to short term variations in intensity (seconds). 
The evidence in the literature, however, often indicates increased photosynthesis in 
rapidly fluctuating light. Studies on the photosynthetic dynamics of Hawiian trees by 
Pearcy et a! (1985) showed that when light flecks were less than 40 seconds in 
duration, carbon gain was 20 to 80% higher than that estimated from steady state 
photosynthetic rates during the high and low light periods. Similar findings for 
improved photosynthetic rates in fluctuating light compared to steady state have been 
found for largetooth aspen (Pollard, 1970), grapevine leaves (Kreidemann et a!, 1973) 
and marine algae (Dromgoole, 1988). On the other hand, McCree and Loomis (1969) 
claimed that the mean photosynthesis of cucumber plants in fluctuating light was very 
close to that calculated from steady state photosynthesis, over a wide range of 
intensities and fluctuation frequencies. 
Rabinowitch's (1959) summary of photosynthetic rates provides an explanation: - 
Long dark intervals (hours) improve utilisation of light because they allow the 
plant to recover from injury of exhaustion following periods of intense photosynthesis. 
Very short intervals (a second or less) also tend to cause an improvement in the 
energy conversion yield, because they allow the dark catalytic reactions of 
photosynthesis to run to completion, restoring the photosynthetic apparatus to full 
efficiency at the beginning of each new light period. 
In the intermittent range of frequencies, alternating illumination may cause a 
depression of yield, because of induction phenomena. 
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Thomley (1974) concludes the issue by proposing that when light is fluctuating 
rapidly, variations in intensity are averaged by a leaf and the photosynthetic rate 
achieved is at the mean light level, whereas longer periods of light fluctuation cause an 
averaging of photosynthetic rates, not irradiance. 
3.2.2 Respiration. 
Respiration provides a major energy sink for compounds produced by 
photosynthesis. Only after respiration costs have been assessed can remaining 
assimilate be used for the production of new structure. 
Respiration has commonly been divided into two distinct processes : 'maintenance' 
and 'growth' respiration. The former is connected to energy requirements relating to 
repairing and replacing degraded cell structures. Quantification of these requirements 
depends on both the quantity of tissue, and on its biochemical composition. 
Maintenance respiration rates for tree stands tend to be lower than those reported for 
agricultural crops, because of the lower protein and mineral content of needles and of 
woody material. When estimating maintenance respiration, only living tree organs 
should be accounted for. For example, heartwood in tree stems has a supporting 
function only, and does not contain any living cells. It therefore has no respiration cost. 
Growth respiration defines the energy used in converting assimilates (soluble 
sugars) to structural dry matter. A conversion efficiency, Y, can be calculated based on 
the biochemical composition of the tissue: 
Yg = 1/(l-i-g) 
where g (kg) is the amount of energy required to convert 1 kg assimilate to 1 kg of dry 
matter. A series of calculations and measurements by Penning de Vries eta! (1974) 
indicated that g varies between about 0.25 and 0.50 depending on the growing tissue. 
This produces values for Y in the range 0.7 to 0.8. 
Temperature affects plant respiration, and hence net photosynthesis. In general, 
respiration increases exponentially with temperature (Jarvis and Leverenz, 1983): 
RT = R0e 
where RT = respiration at temperature T 
Ro = respration at temperature 0C 
3 = a parameter. 
Diurnal and seasonal trends in respiration rates are therefore to be expected. 
3.2.3 Partitioning of assimilate between biomass components. 
The amounts of assimilate partitioned between biomass components are important 
for various reasons: 
The amount partitioned to foliage will largely control amounts of light 
intercepted, and hence photosynthetic rates. 
Stem volume increment will clearly be largely be determined by the amount of 
assimilate partitioned to this sink. 
Different biomass components have different respiratory costs (depending on 
their biochemical makeup), and therefore the relative partitioning between those 
components requires quantification. 
Partitioning of assimilate has commonly been divided into two stages - root:shoot 
partitioning, and then the partitioning of assimilate destined above-ground into foliage, 
branch and stem. 
The most important factor that affects root:shoot partitioning in trees is mineral 
nutrition (directly related to site quality). Trees growing on poor sites may have to 
invest relatively more heavily in their root systems in order to obtain nutrients essential 
for growth and photosynthesis. For example, Keyes and Grier (198 1) estimated the 
below-ground productivity of 40 year old Douglas fir stands from soil cores and 
measurements on observation windows. They estimated root growth to be 23% of total 
growth on the good site, and 53% on the poor site. Total net primary production 
differed by only 13% when both the above- and below-ground components were 
considered together. 
There is a general paucity of evidence in the literature to suggest that other factors, 
such as competition between trees for light, have any effect on root:shoot partitioning in 
conifers. 
The partitioning of assimilate between above-ground tree organs is affected by 
several factors: 
(i) Tree age. Switzer et al (1966), studying loblolly pine, observed a change in the 
relative distribution of dry matter associated with tree developmental stages. Examples 
from the literature of how partitioning between stem, branches and foliage varies with 
age are shown in fig. 3.1. 
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Figure 3.1 Trends in % distribution of above-gmund dry matter for two coniferous forest stands. 
Diagrams are taken from Cannell (1985). 
stem 	branches 	foliage 
MAN 
These diagrams show that partitioning to branches remains relatively constant 
throughout the rotation. In some species, partitioning to stem remains more or less 
constant, but in others, e.g. Scots pine, it increases sharply in the years before canopy 
closure, before declining during the latter stages of the rotation. Investment in stem is 
usually at the cost of foliage biomass. During the early stages of stand development, 
trees might be expected to maximise their energy input by investing in foliage rather 
than structural tissues. 
(ii) Light environment. Jordan (1971) postulated that trees growing at high latitudes 
adapt to the low light intensities to which they are exposed by devoting more carbon to 
structural tissues, and less to foliage, than trees adapted to more equatorial conditions. 
The reason stated for this was greater selective pressure for structural tissues at low 
light intensities in order to overlap competitiors. 
It therefore seems reasonable to postulate that temperate stands grown at narrow 
spacings, which cause much competition for light, are likely to invest relatively more 
heavily in stem biomass than stands growing at wider spacings. Evidence for this is 
provided by Ando et al (1968) for Cryptomeria japonica in Japan (fig. 3.2): 
0 60 1 
2. 1557 stems haT 1 at age 45 
stand age (years) 
Figure 3.2 Trends in % distribution of above-ground dry matter for two stands of Crvptomeria 
japonica at different stand densities (data from Andt a! . 1982. 
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It is interesting that the trees grown at the wider spacing do not invest relatively 
more heavily in foliage biomass than those at the closer spacing, but in branch biomass 
instead. 
(iii)Mechanical stress. A potentially important stress associated with agroforestry is 
that of wind. Wind affects the quality of tree form by inducing the development of taper 
and compression wood in response to stem bending. Many studies have clearly 
indicated that wind promotes the growth of the lower stem (Jahnke and Lawrence, 
1965). It has been shown that if the lower stem is immobilised then this taper does not 
develop. For example, Burton and Smith (1973) report an experiment where 19 year 
old loblolly pine (Pinus taeda) individuals were guyed, resulting in markedly reduced 
growth in the immobilised portion of the bole. 
When a conifer stem is made to bend, the region of inclination on the lower bole 
becomes sensitive to auxin being iranslocated through it, stimulating the formation of 
compression wood (Westing, 1965). This wood is weak, and suffers abnormally high 
longitudinal shrinkage, which can cause distortion and shrinkage during seasoning 
(Low, 1964). If a tree has an asymmetric crown it is likely to develop compression 
wood; this is typically associated with trees growing on steep hillsides or exposed to 
prevailing winds (Brazier, 1977). 
Exposure to wind may therefore induce the partitioning of increased amounts of 
assimilate to stem biomass, at the expense of other components. 
,66 Pseudotsuga menziesii 
(Rendle & Phillips 1958) 
• Pinus radiata (Cown 1974) 
o Pinus nigra var calabrica 
(Rendle & Phillips 1958) 
o Pinus resinosa (Keith 1969) 
Pmus contorta 
(Taylor et al 1982) 
3.2.4 Wood Density in Coniferous Tree Stems. 
Conifer wood is composed of tracheids. Growth rings are distinguished by 
differences in cell size and cell wall thickness between tracheids produced during the 
early (earlywood) and late (latewood) part of the growing season. A considerable body 
of evidence has accumulated supporting the hormonal control of growth ring formation 
(Zimmermann and Brown, 1971). The onset of shoot and leaf development in spring is 
associated with high auxin levels, and these stimulate the formation of large earlywood 
cells. The transition to latewood, which consists of smaller, compact vessels, coincides 
with the cessation of terminal elongation and the setting of new buds (Larson, 1960, 
1962). This transition is accompanied by reduced levels of auxin. 
Conditions that enhance foliar development will therefore increase earlywood 
production at the expense of latewood. Because of the lower specific gravity of the 
former (larger cells, thinner cell walls), such conditions will therefore decrease the 
average stem wood density. 
Figure 3.3 depicts various data sets from the literature of wood density of newly 
formed wood versus tree age. 
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It is apparent that there is a general increase in the density of wood laid down as the 
trees age. Some workers, e.g. Turnbull (1947) and Saucier and Taras (1969), have 
concluded that age is the single most important factor in determining these trends. 
However, it is apparent from fig. 3.3 that in some species the earliest years of growth 
are characterised by a marked decrease in specific gravity. Elliott (1970) recognises two 
zones about the pith: the core-wood zone and the adult-wood zone. The small diameter 
of cells in the increment rings accounts for this high density near the pith (Rendile and 
Phillips, 1958). The adult wood zone is characterised by a more stable structure. The 
reduced vigour associated with ageing in old trees tends to manifest itself in low density 
wood (Hakkila, 1979; Spun and Hsiung, 1954). 
A possible explanation of the observed increasing wood density trend as trees age 
is that their crowns become progressively suppressed as canopy closure is reached, 
causing a reduction in the earlywood fraction (Larson, 1962). This implies that trees 
planted at wide spacing will produce relatively more earlywood than more closely 
spaced individuals; indeed, this has been observed by Brazier (1970a) and Savill and 
Sandels (1983). Growing space, through its influence on the relative size of tree 
crowns, influences wood quality (Karth, 1967). A controversial issue is as to whether 
trees grown at a fast rate (e.g. associated with wider spacings) produce wood of lower 
average density than more slowly grown trees. Numerous examples in the literature 
support this hypothesis (e.g. Aldridge and Hudson, 1958; Chang and Kennedy, 1967; 
Brazier, 1970a,b; Gardiner and O'Sullivan, 1978; Cannell et a!, 1983). However others 
(e.g. Maeglin, 1967; Bennett, 1969) have indicated that spacing has no apparent effect 
on earlywood percentage or specific gravity. Sutton and Harris (1974) successfully 
produced a rapid increase in the radial growth of radiata pine using heavy thinning, but 
found no evidence for any change in wood density. 
Any undesirable effects of low specific gravity may be overcome by pruning which 
reduces crown vigour. For example, Cown (1973) showed that pruning young radiata 
pine resulted in a 5% increase in the specific gravity of wood. 
There is a general lack of agreement between scientific studies regarding the effect 
of fertilisation on wood density. Some studies (e.g. Cown and McCombie, 1981) have 
demonstrated a reduction in wood density with fertilisation. Others (e.g. Fielding and 
Brown, 1961; Cromer et a!, 1985) showed no significant differences between fertilised 
and unfertilised plots. Cown (1974) concludes by saying that the effect of fertiliser is to 
reduce wood density to a level which would be expected on non-deficient sites. 
Site and environmental factors affect tree vigour and hence wood specific gravity 
through their influence on crown development and growth rate. Soil moisture may be 
particularly important (Carlson and Nimlos, 1966). Bissing (1976) compared wood 
samples of various species grown in a botanic garden, with samples collected from wild 
populations. He found an increase in vessel diameter, with concomitant low density 
wood, in cultivated species compared to their wild representatives, and suggested that 
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this related to their water status. Jayne (1958) studied jack pine (Pinus banksiana) 
growth on good and poor sites and found higher wood densities on the latter. Hakkila 
(1979) found that the wood density of pines and spruces growing on peatlands 
throughout Finland was greater than that of trees growing on mineral soil, and 
postulated that differences in growth rate were responsible. Wilde and Mikola (1951) 
reported generally higher specific gravity wood of jack pine trees on sandy soils of low 
site quality. 
As well as radial variation in the stem, wood density varies longitudinally. In 
general, specific gravity decreases with height up the stem (e.g. Spurr and Hsiung, 
1954; Koch, 1987). In certain conifers, notably spruces, there is no such variation 
(Spurr and Hsiung, 1954). 
Finally, it is worth remembering that many observed variations in wood density 
may be genetic in origin. For example, Henderson and Petty (1972) compared the 
wood properties of two widely different provenances of lodgepole pine by growing 
them on the same site, and found significant differences in terms of ring width and 
percentage earlywood. In addition, considerable variation in wood density is often 
encountered between different trees of the same stand (Saucier and Taras, 1969; 
Harrington and DeBell ,1980; Savill and Sandels, 1983; Singh, 1984). This may be 
due to different microhabitats within the stand (e.g. consider differences between 
dominant and suppressed trees), or more probably to genetic variation between 
individuals. 
3.2.5 Mortality and senescence. 
Senescence is the series of events which ordinarily precede death, whereas 
mortality is the event of death itself. 
Regarding senescence, two different kinds must be considered - the longevity and 
senescence of the whole plant, and that of individual parts of the plant. The period of 
whole-tree senescence, associated with a declining C.A.I., has already been described 
in §2.4, along with hypotheses as to the mechanisms for its occurrence. The ultimate 
cause of death in trees may be due to competition while the stand is maturing, or due to 
decay of heartwood and attack by pathogenic organisms in old trees. 
Four different sets of factors may affect senescence in plants (Thimann, 1978): 
Genetic. 
Hormonal. 
Chemicals other than hormones, e.g. certain inhibitors of protein synthesis 
delay or prevent senescence. 
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(iv) Environmental. 
Cytokinins and auxins play major roles in leaf longevity. They delay, or even 
prevent, the onset of senescence. Nitrogen deficiency leads to reduced levels of these 
compounds in plants and therefore favours abscission and defoliation (Addicott and 
Addicott, 1981). Turner and Olsen (1976) showed that the needle retention time of 
Douglas fir was increased by at least one year following nitrogen application to the site. 
However, a similar experiment performed by Brix (198 1) failed to produce a similar set 
of results. 
Light intensities which are high enough to produce carbohydrate accumulation tend 
to prolong the retention of leaves (Addicott and Addicott, 1981). As has already been 
discussed in §3.2.1.1, needles and branches senesce and die if severely shaded. 
Foliar senescence is often closely correlated with developmental processes 
occurring elsewhere in the plant such as the formation of flowers, fruits or younger 
leaves (Woolhouse, 1967). This is most pronounced in deciduous trees where autumnal 
leaf senescence is controlled by environmental factors such as photoperiod and 
temperature, probably through their influence on hormone levels in the leaves (Wareing 
and Seth, 1967). 
In conifers, considerable senescence of older leaves may occur during the period of 
growth of new needles each year. Old needles may compete unsuccessfully for 
nutrients and carbohydrates with new needles, and consequently senesce and die. 
Quantitative data relating to root mortality is scarce. Agren et al (1980) found that 
57% of the annual net photosynthetic production in a young Scots pine stand was 
dissipated in fine roots, which have a rapid turnover. Even small errors in estimating 
this turnover could result in marked inaccuracies in estimating the carbon budget for the 
remainder of the tree. Models without within-year dynamics may neglect the very rapid 
and important turnover of fine roots. 
3.3 Approaches to modelling tree growth : examples from the literature. 
The vast array of different factors which influence tree growth has produced 
numerous different approaches to modelling. A completer review of the literature has 
not been attempted. Nevertheless, this section should provide insight into some of the 
more commonly used techniques. 
The time step chosen in tree growth modelling is of major importance because it 
influences the level of resolution needed for simulating many biological and 
environmental processes. Considerable variation exists between growth models. For 
example, Mohren et a! (1984), Mohren (1987) and Agren and Axelsson (1980) all used 
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a daily time step, whereas Makela and Han (1986) used an annual step. The use of a 
shorter step will necessarily involve the use of complex climatic input, as well as 
knowledge of the phenological aspects of tree growth. The yearly step, while being 
simpler, has the danger of inaccuracies resulting from averaging parameter values over 
time (for example photosynthetic rates, which vary on a seasonal basis). 
3.3.1 Assimilate production. 
Models predicting the production of assimilate by forest trees range from the very 
simple to highly complex. At the simplest level, a horizontally homogeneous canopy is 
assumed, and light is intercepted according to Beer's Law (e.g. McMurtrie and Wolf, 
1983; Mäkelä and Han, 1986). Using this type of approach will probably impose errors 
when modelling tree growth at wide spacings, because of the heterogeneity of the light 
climate created by gaps between trees. 
Jackson and Palmer (1979) modelled the light interception by discontinuous 
canopies by considering light penetration, T, as the sum of two components, that which 
passed directly between trees, Tf, and that which passed through tree canopies, T: 
T=Tf+Tc 
Tf was estimated using photographs of solid models of cone-shaped trees, or by 
measuring light interception using the models. Doyle et al (1986) adopted this approach 
to simulate light penetration through discontinuous canopies, but assumed that all 
radiation impinged on the system vertically from above. 
Mohren et a! (1984) tackled the problem of discontinuity by assuming cone-shaped 
crowns, and then calculating the degree of shading between individuals as a function of 
the perpendicular crown projection area, crown length and angle of incoming radiation 
(which was set at a constant value of 300)• 
An example of a highly complex model is provided by Wang (1988), where 
radiation absorption and photosynthesis are related to the amount of leaves and their 
distribution within the tree crown, leaf inclination angle relative to the radiation source, 
and crown shape. - 
Gross photosynthesis, P, is often calculated by multiplying the fraction of light 
intercepted, %L, by a potential growth rate representing growth at full light 
interception, P0 (e.g. McMurtrie and Wolf, 1983): 
P = PØ.%L 
This approach clearly does not divulge into the complexities resulting from the 
interaction of numerous environmental variables and their effect on photosynthesis. 
Jarvis and Leverenz (1983) provide an example where photosynthesis is modelled 
more explicitly: they considered boundary, stomatal and mesophyll conductances for 
CO2 transfer, quantum yields and CO2 compensation concentrations. To estimate 
canopy photosynthesis, these parameters were needed for different foliage types in 
different crown positions. Individual leaf or shoot photosynthesis could then be 
integrated within an entire forest canopy over a whole year. 
Most models have light energy as the driving variable for growth, although some 
do take account of factors such as nutrients and water availability (e.g. Mohren, 1987; 
Agren and Axelsson, 1980). Factors such as nutrient uptake and transpiration then 
require modelling. The effects of these factors may simply be empirically incorporated 
into a site index, which then acts to scale the efficiency of photosynthesis as a function 
of light interception (e.g. Mohren et al, 1984). 
3.3.2 Respiration 
Almost exclusively, maintenance respiration requirements receive priority over 
growth for available resources in tree growth models. 
Maintenance respiration is most commonly estimated by multiplying current 
component biomass by a maintenance respiration coefficient for each component, which 
ideally should depend on the biochemical composition of the tissue. For example, 
values for such coefficients quoted by Mobren et a! (1984) are 1.0, 0.08, 0.025, and 
0.1 kg CH20 kg- 1 dry weight year" for needles, branches, sapwood and root biomass 
respectively. A major problem resulting from application of this approach is that the 
biomass of all these components, as well as their turnover rates, must be known for 
every time step. Root biomass, in particular, is unreliably quantified in most, if not all, 
models. 
Other modellers have attempted to predict total maintenance respiration empirically 
from one or two biomass compartments. For example, Mäkelä and Han (1986) predict 
it as the product of tree height, leaf area and the general physiological maturity of the 
tree. 
Growth respiration, R, is usually simply predicted using a conversion factor, g, 
related to the energy expenditure involved in producing dry matter: 
Rg g.G 
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where G is growth rate. 
Some models, e.g. those of Mäkela and Han (1986) and Mohren et a! (1984), 
assume g to be constant for all different biomass components, while others, e.g. 
Mohren (1987) consider separate growth conversion efficiencies for different model 
compartments, depending on their biochemical composition. 
Respiration coefficients must clearly be averaged over the time step employed by 
the model user. 
3.3.3 Carbon partitioning 
The mechanisms employed by tree growth modellers to partition assimilate between 
biomass components constitute an area of major uncertainty because of insufficient 
knowledge and data on this subject. 
The most common method for the allocation of photosynthate is to use simple 
partitioning coefficients which relate to the total fraction of available assimilate 
partitioned to foliage, branches, stem and roots. Very often, these coefficients are 
assumed to remain constant irrespective of a tree's age, size or vigour (e.g. McMuninie 
and Wolf, 1983; Mohren et al,1984). Typical values for these coefficients, cited by 
Mohren et a! (1984) are 0.25, 0.10, 0.40 and 0.25 for needles, branches, stems and 
roots respectively. 
Mohren (1987) used empirical relationships relating the values of partitioning 
coefficients to stand age. Makelä and Han (1986) applied an empirical dependence of 
coefficient values on light environment, such that bright conditions produced an 
increase in the amount of carbon allocated to branches at the expense of needles and 
root. A constant fraction, 0.35, was allocated to stem biomass. Doyle eta! (1986) used 
time-dependent partitioning coefficients, which resulted in progressively less assimilate 
being partitioned to roots and leaves as the stand aged. 
Mäkelä (1986) adopted a novel approach to partitioning by allocating assimilate 
such that a constant sapwood:foliage ratio resulted, the basis for this being a functional 
relationship between these two components. 
It is of considerable importance to reliably predict foliage biomass, because of its 
role in light interception and photosynthesis. Some modellers, as described above, 
• relate foliage biomass to the amount of assimilate partitioned to it, and its turnover rate 
(see §3.3.5). Others use more empirical approaches. For example, Mitchell (1975) 
assumed that foliage biomass depends on the volume increment of the crown in the 
previous five years (all foliage was assumed to exist in this space). Botkin eta! (1972) 
related leaf biomass, F, to tree diameter at breast height, D, as follows: 
F=C1D2 
where C1 is a constant. Such an approach prevents cumulative errors associated with 
poor estimates in either allocation to, of the senescence rate of, the foliage biomass. A 
literature review of the use of simple tree characteristics to predict the foliage biomass of 
forest stands is presented in §3.4. 
3.3.4 Stem form : wood density and height. 
Many models, e.g. Mäkelä and Han (1986), simply do not consider the conversion 
of stem biomass into stem volume. Those that do typically employ a fixed conversion 
value. For example, Mohren et al (1984) convert biomass to volume by dividing dry 
weight increment by specific gravity, for which a constant value of 0.470 g cm -3 was 
used. 
Mohren (1987) takes account of the effects of tree vigour by using an inverse 
relationship between specific gravity and the ring width of the previous year's growth. 
Wood density was assumed to be uniform within any one growth ring. 
Many simulation models must take account of height growth, because this 
determines to a large degree the crown size of individuals and their competitive status. 
Height increment is almost universally handled in an empirical manner. For example, 
Makelä and Harm (1986) related height growth to tree status, diameter and age. Mitchell 
(1975) used site quality, species, age and competition for growing space for the same 
prediction. 
3.3.5 Senescence and mortality. 
Two approaches are commonly used to model turnover rates of biomass 
compartments: 
Fixed coefficients are used to senesce a constant fraction of each biomass 
compartment at each time step (e.g. Mäkelä and Han, 1986; Agren and Axelsson, 
1980). Values of these coefficients for Scots pine, quoted by Mäkelä and Harm (1986) 
are 0.25, 0. 10, 0.0 and 0.10 year -1 for needles, branches, stem and root respectively. 
A fixed life span for each biomass compartment is assumed. This approach is 
often applied to needle biomass (e.g. Baskerville and Kleinschmidt, 1981; Mohren, 
1987): needles grow to a certain age and then die. Mohren et a! (1984) apply this 
approach to all biomass compartments, quoting values for branch and root life spans of 
20 and 10 years respectively. 
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A difficult problem is the transition rate of sapwood to heartwood (i.e. the mortality 
rate of sapwood). Mohren et al (1984) simply assumed a constant sapwood thickness 
of 5 cm on all parts of the bole, irrespective of stand characteristics and age. Mohren 
(1987) assumed that the average life span of a growth was 15 years. The model then 
simply keeps track of the biomass of the last 15 years growth of stem volume 
increment, and assumes that this is the living sapwood biomass. Promnitz (1975) 
suggests that the maintenance requirement of the stem may simply be proportional to the 
square root of its biomass. 
Tree mortality, if considered at all, is usually determined on the basis of an 
empirical measure of the physiological condition of a tree, as compared to critical 
condition thresholds. Examples are: 
Glover and Hool (1979) predicted tree mortality on the basis of and individual 
tree's diameter compared to the average diameter at breast height of all surrounding 
trees. 
Hegyi (1974) related mortality to amounts of competition experienced by trees 
(predicted using competition indices). 
Newnham (1976) classified trees as dead if diameter growth was less than a 
certain fraction of diameter at breast height; this fraction increased as the stand aged. 
Mäkelä and Han (1986) relate mortality to change in needle biomass. if this 
becomes negative, then a fraction of the stand dies depending on this change and the 
stand growth rate. 
3.4 The Use of Simple Tree Characteristics to Quantify the Foliage 
Content of Forest Stands : literature review. 
An accurate knowledge of foliage quantity is of key importance in the calculation of 
light interception by trees. The most obvious way to treat foliage in a model is as a state 
variable. This necessitates predictions of growth and turnover rates - processes which 
are not easily quantified. An alternative approach is to relate foliage biomass to other 
tree characteristics, such as stem diameter, at each time step. 
A major problem with mechanistic growth modelling is cumulative errors resulting 
from inadequate quantification of model processes. Consider the following example. 
Light interception is primarily determined from stand geometry and foliage biomass. A 
major factor in stand geometry is tree height light interception is likely to increase as 
this increases. if height increment is related to volume increment (a large volume 
increase might theoretically produce a similarly large height increase), then an initial 
underestimation in height will produce and underestimation in assimilate produced by 
photosynthesis; this will produce a reduced height increment, and so the process 
continues. The use of a reliable empirical relationship equating height to stand age 
would eliminate this cumulative error. This section reviews the numerous relationships 
of this type that exist in the literature. It is also important to review how these 
relationships are affected by environmental variables and silvicultural treatments in 
order to assess their suitability for modelling agroforest trees. 
Kittredge (1944) discovered that the relation between the amount of foliage and the 
diameter at breast height, d.b.h., of individual trees may be expressed as: 
FOL = DBHC 
where: FOL = amount of foliage per individual tree 
DBH = diameter at breast height 
C = a parameter, ranging from 1.2 to 3.2 for different stands. 
Since then, a variety of relationships have been established for predicting foliage 
biomass or area, some of which are tabulated in table 3.1. 
Table 3.1 Equations relating foliage biomass or area to various tree characteristics, 
xX eQuation species reference— 
foliage wt (kg) 	sapwood BA (cm) y = 0.074x - 1.44 Pseudotsuga mii Grier & Waring (1974 
y = 0.043x + 7.13 Pinus ponderosa Grier & Waring (1974 
y = 0.028x - 1.802 Pinus sylvestris Whitehead (1978) 
y = 0.05 lx - 0.76 Pinus contorta Running (1980) 
y = 0.0462x Pinus contorta Kaufmann et al (1981 
y = 0.027x - 2.055 Pinus sylvestris Albrektson (1984) 
leaf area (m 2) 	sapwood BA (cm 2) y = 0.1375x - 7.004 Pinus sylvestris Whitehead (1978) 
1. y = 0.44x Pinus contorta Kaufmann et al (1981) 
In foliage wt (kg) in sapwood BA (cm 23 
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y = 0.9381x - 2.912 Pseudotsuga mii Snell & Brown (1978) 
y = 1.075x - 3.820 Pinus ponderosa Snell & Brown (1978) 
foliage wt (kg) 	sapwood BA (cm 2 y = 1.83x - 5.38 Pseudotsuga m'ii Bancalari et al (1987) 
In foliage wt (kg) In dbh (cm) y = 3.187x - 7.714 Pinus taeda Kinerson et al (1974) 
log foliage wt (kg)log dbh (cm) y = 1.96x - 1.703 Pseudotsuga m'ii Kittredge (1944) 
y = 1.67x - 1.406 Pinus ponderosa Kittredge (1944) 
y = 1.881x - 1.650 Pinus ponderosa Cable (1958) 
log crown wt (kg) log dbh (cm) y = 2.314x - 1.534 Abies balsamea Wile (1964) 
abbreviations : wt = weight; m'ii menziesii ; BA = basal area 
For such relationships to be useful to modelling, it is best to understand the 
physiological basis for their existence. Work on various vascular plants by Shinozaki et 
a! (1964) showed a linear relationship between plant foliage and the cross-sectional area 
of conducting tissue (sapwood) serving it. This suggests a functional relationship 
between water conducting 'pipes' of stem xylem and transpiring foliage. Bearing this in 
mind, would one then expect differences in the tabulated relationships to occur between 
conventional forestry spacings and those experienced in the agroforestry situation? 
Waring (1983) suggests that forest trees well adapted to and or exposed climates 
appear to have lower ratios of foliage per unit sapwood conducting area than those 
adapted to more favourable environments. Other workers (Brix and Mitchell, 1983; 
Bancalari et a!, 1987) have observed positive relationships between site quality and the 
area of leaf supported per unit sapwood area for coniferous species. It may therefore be 
hypothesised that the amount of sapwood conducting tissue is not primarily a function 
of foliar biomass, but of its transpirational demand. One might therefore expect 
agroforest trees, which are relatively exposed, to have lower amounts of foliage per unit 
sapwood area than those planted at conventional forestry spacings. 
However, Whitehead (1978), who examined how the relationships between 
sapwood cross-sectional area and foliage biomass of 40 year old Scots pine varied with 
spacing, discovered that trees planted at wide spacings had higher foliage biomass: 
sapwood area ratios than trees planted at narrower spacings. Gramer (1981) showed a 
similar result for Douglas fir trees in a thinned stand compared to an unthinned control. 
Bancalari et at (1987) compared the ratio between fast- and slow-grown Douglas firs, 
and found relatively higher amounts of foliage in the former. Finally, Thomson (1989) 
demonstrated a higher ratio for dominant lodgepole pine trees compared to suppressed 
individuals. All these results suggest that the foliage biomass: sapwood area ratio is 
related to tree vigour. Why should this be? 
The answer lies in the structure of the wood. Edwards and Jarvis (1982) have 
shown that the high-density wood resulting from slow radial growth has a low 
hydraulic conductivity. Booker and Kininmonth (1978) observed a linear inverse 
relationship between the permeability and specific gravity of 27 year old radiata pine 
trees. This means that each unit of sapwood in a slow-grown tree cannot sustain as 
much foliage as a similar unit in a fast-grown tree. Whitehead et a! (1984) propose that 
foliage might be most closely equated to the product of sapwood area and its 
permeability. 
It is clear from the discussion above that sapwood area, despite its shortcomings, is 
likely to be a better predictor of foliage area than total basal area or d.b.h., because of 
the physiological relationship equating it to water demand. However, the use of 
sapwood area as a predictor of foliage has one major drawback - sapwood must itself 
be calculated from total basal area. To do this it is necessary to understand how both 
sapwood and heartwood form in tree boles. 
Sapwood is secondary xylem where the tracheary cells are active in conduction. 
Ageing of this living wood results in the formation of heartwood, the central core of the 
stem. Cells of this zone are dead, and may become pigmented as a result of biochemical 
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changes which can be regarded as mechanisms of internal excretion of biochemical 
'waste' products (Zimmermann and Brown, 1971). Heartwood has a very low 
hydraulic conductivity. 
The heartwood formation of Pinus radiata follows three phases (Harris 1954): 
The 'drying out' of the central core of wood. 
A periodic influx of resins and other substances to the central core. 
These substances then undergo physical and chemical changes which result in 
the coloured heartwood. 
With increasing age the heartwood may occupy an increasing fraction of the stem 
radius (Butterfield and Meylan, 1980; Long and Smith, 1984). As a tree ages, the 
cross-sectional area of its stem increases, but the need for new conductive tissue does 
not increases proportionately. Under normal conditions of transpiration and water 
supply, only the outermost annual growth layers are required for water conduction. The 
innermost wood dries out and dies. The resultant increasing proportion of heartwood 
may play an important role in mechanical support (Long eta!, 1981). 
The effect of environment on heartwood formation is difficult to define precisely. 
Trendelenburg (1939) proposes a hypothesis based on the fact that sapwood may act as 
a water store. Under conditions of stress, the repeated use of the inner water storage 
tissues causes them to retain their function for water storage, and therefore a water-
stressed tree (e.g. a tree planted at wide spacin) will tend to have a slower rate of 
heartwood formation than one more favourably si5iiated. 
Clearly, heartwood is likely to form more rapidly in trees with a high foliage 
biomass:sapwood area ratio, i.e. vigorous, non water-stressed trees. For example, 
Nelson (1976) observed that fast radial growth in black cherry (Prunus serorina) trees 
was compensated for through a reduction in the number of sapwood rings. 
Quantitative data are notably lacking for predicting rates of heartwood formation in 
tree boles. Hams (1954) reported that the age of heartwood inception in Pinus radiata 
was approximately 14 years from the time of planting. Its rate of evolution in this 
species is approximately 0.5 growth rings per year (Nicholls and Dadswell, 1965). 
However, because of slower growth rates and longer rotation periods in Britain, the age 
of heartwood inception is likely to be considerably later. 
Hakkila and Panhelainen (1970) produced the following equation for Pinus 
contorta in Finland: 
y = 4.50 + 0.0653x 
where y = heartwood percentage of entire stem volume 
x = tree height (m). 
It might then be possible to assume that the fractional area of heartwood at breast 
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height was proportional to its fractional volume in the entire stem. 
It has been suggested (Kinerson et a!, 1974) that the use of diameter at the base of 
the live crown, rather than diameter at breast height, as the independent variable in an 
equation for estimation of foliage biomass would provide an improved estimate. 
Shinozaki et a! (1964) demonstrated that below the live crown no fixed ratio exists 
between cross-sectional area and foliage. However, the absolute amount of conducting 
tissue has been shown to remain more or less fixed below the crown base (Long et a!, 
1981; Kaufmann and Troendle, 1981). However, Waring eta! (1982) indicated that 
cross-sectional area of sapwood tapers linearly between breast height and the base of 
the crown. Therefore, accurate estimates of canopy leaf area may be possible from 
measurements of sapwood taken at breast height. 
The foliage present in a tree stand tends to achieve a ceiling value when full site 
occupancy is attained (Marks and Borman, 1972; Long and Turner, 1975; Long and 
Smith, 1984; Axelsson and Axelsson, 1986). In temperate conifers full site occupancy 
results in about 10000 kg foliage per hectare (Long and Turner, 1975). This ceiling 
value represents maximal foliage utilisation of the site. Long and Smith (1984) 
demonstrated that the amount of foliage maintained in closed stands is independent of 
stand density once full site occupancy has occurred. Following the death of a tree, the 
crowns of surrounding individuals enlarge to fill the gap. 
What factors are responsible for determining the amount of foliage that a stand can 
maintain? Incident light intensity and its extinction may ultimately limit foliage biomass 
(Monsi et a!, 1973). Nutritional limitations may restrict leaf area to considerably less 
than the potential afforded by local climatic conditions (Waring et a!, 1978). Grier and 
Running (1977) produced evidence suggesting that leaf area may be directly and 
primarily related to site water balance. Reductions in leaf area may occur where water 
available for uptake and plant control of water loss are insufficient to maintain leaf water 
potential above critical levels. 
3.5 FORESTS : model specification. 
Some of the equations used in FORESTS involved fitting parameters to relevant 
data. Statistical information relating to the more important fitted values is shown in 
appendix 4. 
3.5.1 Rationale for designing FORESTS. 
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The above reviews have highlighted the need for tree growth modellers to use 
highly empirical methods to simulate complex processes such as carbon partitioning and 
senescence. A lack in both knowledge of underlying mechanisms and data has forced 
this upon them. In particular, there is very little information on how these processes 
respond in an agroforest situation. The modeller is continuously forced to decide at 
what level of empiricism to model various processes. 
Some model components, e.g. tree height, can be reliably predicted from empirical 
equations. The behaviour of others, e.g. stem volume, can be treated as state variables. 
However, other components such as root and foliage biomass cannot easily be treated 
as state variables, because of a lack of data relating to parameters required for their 
modelling (e.g. for carbon partitioning and senescence). The modeller must then assess 
whether large cumulative errors may occur as a result of treating these as state variables. 
The alternative is to treat these components as endogenous variables by means of 
sensible theoretical relationships. So long as error associated with well-predicted model 
components is minimal, and the empirical relationships relating poorly understood 
components to them are adequate, then such relationships may be successfully 
employed. However, this approach has the risk of being circular because of the 
inter-dependence of model processes, which might be predicted from only a few model 
components. 
When developing FORESTS, it was decided to allow the model user to select 
between modelling choices. Hard and fast rules about the way in which components are 
simulated are therefore not universally employed. The FORTRAN code has been 
composed such that further modelling choices could be included in future. This flexible 
approach allowed the suitability of different modelling approaches to be assessed. It 
must be made clear at this stage that this approach was not adopted in order to find by 
chance a set of modelling choices that "works", i.e. produces a predictive model. It, is 
hoped that much can be gained from observing which choices are unsuitable as from 
observing others which apparently produce more realistic output. In addition, it should 
be stressed that a sensible set of parameter values was chosen before simulations 
commenced, and hence no attempt was made to "fix" these values in order to improve 
simulation results. The general philosophy behind these approaches is simple. Although 
it is realised that it is important to produce a working predictive tree growth model, it is 
equally important to ensure that the underlying mechanisms are operating sensibly. 
A lack of knowledge and data about various physiological mechanisms associated 
with stand growth meant that empirical alternatives were given considerable attention in 
FORESTS. A flow diagram of the model is shown in fig. 3.4: 
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Figure 3.4 Flow diagram for carbon in FORESTS. 
I state variable 	external carbon 	 flow arrow 
operand 
	
(I) other variables 	O-a influence arrow 
* : optional, in that foliage may be treated as a state variable or an exogenous variable 
The key process, growth, is affected by photosynthesis, respiration and carbon 
partitioning. Major features associated with the model are: 
The only model components are stem biomass and foliage biomass, the latter 
being optional. Others, such as roots and sapwood are empirically related to stem 
volume or other characteristics such as stand height, at each time step. The only carbon 
partitioning coefficients in the model are those pertaining to stem and foliage biomass. 
Foliage can either be treated as a state variable, in which case amounts of carbon 
partitioned to it and its senescence rate must be predicted, or it can be related empirically 
to other tree characteristics. 
Factors such as tree height and mortality are empirically related to stand age. To 
do this, Forestry Commission Yield Class data was used to parameterise these parts of 
the model. The processes underlying these phenomena are complex (3.2) and it was 
therefore considered appropriate to use reasonably reliable empirical equations/data to 
quantify them. 
Light interception and resulting photosynthesis primarily drive growth. 
Nutrients and water are incorporated into Yield Class, which affects photosynthetic 
efficiency, height increment and mortality, all of which will influence light interception 
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and photosynthesis. 
Maintenance respiration costs must be met before any assimilate produced by 
photosynthesis becomes available for growth. The biomass of tree organs must be 
assessed in order to calculate maintenance respiration. 
After maintenance respiration has been accounted for, a certain fraction of 
remaining assimilate is partitioned to stem and foliage. The growth of other model 
compartments is not considered. The growth process uses a certain amount of 
photosynthate - this is growth respiration. 
Stem volume increment is related to biomass increment. However, factors 
such as age and competition may affect the density of wood produced; the model has 
been designed to be sensitive in this respect. 
The fraction of free carbon partitioned to stem is empirically related to stand 
age or levels of competition experienced by the trees. The wood density laid down 
within tree stems (which influences stem volume) is also empirically related to either 
stand age or competition levels imposed by trees on each other. 
A major problem was deciding to simulate radiation interception and photosynthesis 
by widely spaced trees. A mechanistic approach to modelling a discontinuous canopy 
will necessarily involve specification of the geometrical arrangement of tree crowns 
with respect to each other, and of the radiation source impinging on them. Simple 
homogeneous-canopy models would have to use some sort of empirical fudge factors in 
order to perform these tasks. Because spacing between trees critically affects their light 
environment, and the light environment beneath them, considerable attention was paid 
to providing an accurate simulation of light interception. 
It is necessary to relate crown photosynthesis to the absorption of radiation. The 
literature review of assimilate production by coniferous trees (3.2. 1) suggests several 
reasons why a linear photosynthetic response might be most appropriate: 
Leaves become physiologically adapted to their environment 
Shoots are morphologically adapted such that radiation is efficiently utilised. 
Brightly lit needles typically have high angles of incidence with respect to incoming 
radiation, and needles shade each other thereby preventing light saturation of the 
photosynthetic apparatus. 
Rapidly fluctuating light, for example as a result of branches blowing in the 
wind, tends to result in the amount of assimilate produced being linearly related to light 
energy intercepted. 
To assume a linear photosynthetic response also has major mathematical and 
computational advantages. If photosynthesis had been best quantified by means of a 
nonlinear function, then it would be necessary to know the proportions of leaves 
75 
exposed to different light intensities, something that would be extremely hard to 
compute in the case of discontinuous canopies. A major assumption incorporated into 
the model is therefore that the amount of assimilate produced in a single year is a linear 
function of light intercepted. If the amount of light reaching ground level per unit 
ground area can be quantified, then its complement is the amount intercepted by the 
trees. This procedure provides a useful method of calculating light interception. 
Another important decision in growth modelling is the choice of time step. An 
annual time step was selected for use in FORESTS. Phenological changes within a 
year, e.g. the formation of new buds and the cessation of photosynthetic dormancy, are 
complicated processes to simulate. In addition, the simulation of climatic processes 
such as temperature on a short time scale is a complex matter. When comparing this 
with the level of detail incorporated into much of the remainder of the model, it was 
considered unnecessary to adopt a time step of less than a year in the model. 
Light interception was not, however, calculated on a yearly step. It was considered 
that to adequately model this, a much shorter step (hourly) should be used, in order,  to 
capture the radiation geometry of the sun. 
3.5.2 Prediction of light interception by agroforest trees. 
Prediction of light interception requires a knowledge of: 
Stand architecture, which incorporates crown dimensions, their distribution in 
space, and the distribution of foliage within those crowns. 
The intensity of radiation impinging on the stand, and its directional nature 
relative to the foliage biomass. 
3.5.2.1 Stand architecture. 
Trees are assumed to be positioned in a uniform square spacing. All trees are of the 
same size and have the same crown dimensions and characteristics. Tree crowns are 
assumed to be conical in shape, and should these cones touch between trees, then the 
crowns are assumed the be cylindrical below the meeting point. This avoids problems 
associated with more than one crown occupying the same space. This arrangement is 
shown in fig. 3.5: 
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Figure 3.5 Canopy architecture. 
Although many conifer crowns are more or less conical in shape, some can be less 
so than others. The shape may also deviate from conical as trees age, or at different 
spacings. The model was parameterised against a Scots pine data set (3.7.3), because 
British data exists for this species for spacings as wide as 4.5m. The crown shape of 
this species is certainly not always conical. However, in the absence of field data 
accurately specifying crown dimensions of Scots pine trees, it was considered that the 
assumption of conically-shaped crowns would probably not incur any more error than 
if other crown shapes had been employed. 
Crown dimensions are specified in terms of 
Tree height. 
Crown%, defmed as the percentage of total bole length occupied by the crown. 
The apex angle, Aapex  (degrees), of the tree. 
This then allows the crown to be described in terms of the height of conical crown, 
'cone (m), cylindrical crown, Hcyi  (m) and the length of clear bole, CBOLE (m): 
Figure 3.6 Snecification of crown dimensions 
H conel 1,,•,./Aaex 
THcyl 
CBOLEI 
The computation of foliage area within tree crowns is described in §3.5.5. It is 
assumed that the total foliage area is distributed uniformly within each tree crown. Light 
penetration through a crown is then a function of the foliage density and the path length 
of light rays passing through the crown, according to Beer's Law (Kira et al, 1969): 
Ipen = JO.exp( -k.FL.PL) 
where lwn = light penetrating through crown (W m2) 
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= light impinging on crown (W rn -2) 
FL = foliage area density within tree crown (m2 m 3) 
PL = path length through crown (rn) 
k = light extinction coefficient 
A parameter, v, has been defined as the extinction rate of light in the tree crown 
(m- I), which is simply: 
V = k.FL 
Hence: 
'pen = IO.exp(-v.PL) 
3.5.2.2 Light interception routines. 
The model user may select between one of three light interception routines, which 
are described below. As has been discussed above, light interception is likely to be a 
complex function of crown properties and radiation environment. Nevertheless, it was 
decided that a useful exercise would be to compare the use of complex three 
dimensional interception routines with simpler routines which have the advantage of 
much reduced computational effort and tithe, as well as much simpler parameterisation. 
If the improvement in model results resulting from using the more complicated routines 
could be demonstrated to be small or even nonexistant, this would then provide strong 
justification for deployment of the simpler routines. All routines operate on the basis of 
a horizontal ground surface. 
A) 2Dabove light interception routine. 
This routine assumes that light rays are all travelling perpendicular to the ground 
surface, i.e. they have a zenith angle of zero degrees. Light transmission to the ground 
is then the sum of two additive components - transmission through gaps (T g) and light 
which has passed through tree crowns (Ti),  as shown in fig 3.7 overleaf: 
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Figure 3.7 Diagrammatic representation of the 2Dabove light interception routine. 
Total light 
Tt 
Note that because trees are constructed as combinations of cylinders and cones, the 
component T never becomes zero, even when the trees become very large (because of 
gaps between cones). 
If light extinction is in accordance with Beer's Law, with extinction coefficient v 
(m 1 ), then the fraction of light passing through tree crowns from directly above which 
is not absorbed, F, is given by: 
r 
fexp[- V (Hcone  + Hi - tan apex IJ.27r x dx Fj = 0 
it r 
where: 
Figure 3.8 Diagram of tree crown. 
Hcone 
Hi 
Aape,F apex angle of tree (degrees) 
r = crown radius (m) 
x = distance from centre of crown base (m) 
cone height (m) 
Hcyl = cylinder height (m) 
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This solves as: 
F= 
X 	2ir tan A 	 apex r 
exp(-V(H e  +Hi - flmAapex ))( 	v )(x - 	v 	)1 
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B) 313diffuse interception routine. 
The 313diffuse routine works on the basis of calculating the amount of light 
reaching a square plot at the ground surface, with a tree on each corner and surrounded 
externally by 60 more trees. The amount of light intercepted by the trees can then be 
calculated as the complement of that reaching the plot. This approach has the advantage 
that it is relatively easy to compute, compared to calculating light absorption directly 
within three-dimensional tree crowns. The setup for this design is shown below: 
Figure 3.9 Setup for 3Ddiffuse light interception routine. 
A grid of points is positioned within the plot, the distance between points on the 
grid being 0.5m. The points on the grid are to be used to sample the light reaching the 
different parts of the plot. This was considered to be a more appropriate sampling 
strategy than using a fixed number of points, irrespective of plot size, which could lead 
to considerable bias if not enough points were used at wide spacings, and much 
unnecessary computing effort for close spacings if a large number of points was 
selected. 




diffuse - it will be coming from all directions. The light arriving at each grid point is 
calculated in the following manner. The computer 'draws lines' analagous to light rays 
in a range of zenith angles going from 2.5° to 87.5° in steps of 5°, and azimuth angles 
5° to 3550  in steps of 10°, for each grid point. The computer calculates cumulative path 
length through all trees for each line. The reduction in light intensity associated with this 
path is then calculated using Beer's law as in §3.5.2.1. 
The intensity of light differs for rays coming from different parts of the sky, and 
care must therefore be exercised when using the technique outlined above. Two 
procedures were used to take account of this: 
The distribution of light is assumed to follow that for a Standard Overcast Sky 
(Anderson, 1966). The intensity of a beam of light, 'b'  is then a fraction of that for a 
beam of zenith angle 0°, 
Ib = 1/3(1.0 + 2cos z) ,I2en 
where z is the zenith angle of the beam (degrees). 
It is apparent from fig. 3.10 that only a small fraction of the global hemisphere 
is accounted for by small zenith angles, with increasingly larger proportions being 
accounted for by greater zenith angles. To avoid possible bias resulting from this, the 
following procedure was used. The surface of a hemisphere can be divided into 
concentric rings, each representing a 5° change in zenith angle, z, as shown below: 
Figure 3.10 Division of global hemisphere into 5° rings. 
The fraction of the total hemisphere that a single ring occupies, F ring , is then: 
Z2 
f 2ir sin zdz 	- [-2 it cos z] F'ing = 	z1 	 - __________z1 
2it 	 2 7 
where z 1 and z2 are the angles defining the inner and outer ring bounds. 
In this manner, the hemisphere was divided into 18 classes, 0 - 7r/36, 7r/36 - 2706, 
17706 - 181r/36 (angles in radians), representing zenith angles of 2.5°, 7.5 0 , 
87.5° respectively. After the model calculates radiation absorption for a particular zenith 
angle (over azimuth angle ranging 5° to 3550),  the result is then weighted according to 
the fraction of the hemisphere corresponding to that angle, as described above. 
Because of the symmetrical nature of the plot setup, only a certain fraction of grid 
points require sampling, illustrated below for a 5 m spacing between trees: 











• used in sample 
0 not used in sample 
C) 313all interception routine. 
This routine is the same as the 3Ddiffuse interception routine described above, 
except that it considers both diffuse and direct beam radiation. The inclusion of the latter 
adds considerable complexity to the problem, because the pattern of radiation input is 
no longer uniform, but depends on the movement of the sun in the sky, as well as 
weather patterns (e.g the degree of cloudiness). To solve this problem, a radiation 
model, SOLAR2S, was designed and implemented - this is described in detail in 
section §3.5.3. SOLAR2S produces, for various locations in Britain, the following 
output for any time of day and any day of the year: 
The radiation (in photosynthetically active wavebands), both direct beam and 
diffuse, impinging on a horizontal surface at the earth's surface, along with the zenith 
angle of beam radiation, on a totally cloudless day. 
The radiation on a totally overcast day (this comprises diffuse radiation only). 
Times of sunrise and sunset, and hence daylength (hours). 
If the model user selects the Mall interception routine, then he/she is given the 
choice of selecting a meteorological data set (Page and Lebens, 1986) relating to the 
number of sunshine hours for any particular month for Plymouth, Manchester or 
Glasgow. 
To calculate interception of direct beam radiation for a particular date, the computer 
loops over the hours of the day, and divides each hour into a sunlit (clear) fraction and a 
cloudy (overcast) fraction, depending on the quotient sunhours/daylength. The 
interception of direct beam radiation is calculated as in §3.5.2.2.B, except that only a 
single 'line' is drawn by the computer (at the calculated zenith angle) from each grid 
point, and no weighting factors are applied. The total fraction of all radiation impinging 
on the system that is intercepted, Ft.  then depends on the individual fractions of direct 
beam and diffuse radiation intercepted, and the intensity and duration of those fractions: 
F - SHIbFb+SHIFd+ (D - SH)IthFd 
Ft - 	SHIb+ S 11I+ (D - SH)Ith 
where BF = the fraction of global radiation that is direct beam for clear sky 
SH = the number of sun hours for that day (hours) 
D = daylength (hours) 
Ib = intensity of beam radiation (Wm 2) 
I = intensity of diffuse radiation on a clear day (Wm 2) 
Ido = intensity of diffuse radiation on an overcast day (Wm-2) 
Fb = fraction of beam radiation intercepted 
Fd = fraction of diffuse radiation intercepted 
It was assumed that crown dimensions and characteristics do not vary throughout a 
year, and therefore Fd  need only be calculated once at the beginning of the year. 
Because Fb  varies over time, it was necessary to calculate F t throughout the growing 
season, which was assumed to extend from 1st April to 31st October. To save 
computer time, a weekly time step was used to sample this period, rather than doing 
calculations for every day. The method by which the fraction of light intercepted over 
an entire growing season, Fseason,  is calculated is summarised in the following 
flowchart: 
Figure 3.12 Flowchart showing computation of averane light intercepted over season. F season 
Calculate fraction of diffuse radiation intercepted, 1 
Total diffuse = 0: Total dfrt=  0: Absorbed diffuse=  0 Absorbed direct = 0 
Loop over weeks for 1 April to 31 October 
Calculate sunrise, sunset, daylength 
Loop over hours of day : 0- 23 
if hour> sunrise and hour < sunset then 
Calculate radiation input and its components 
Calculate fraction of direct radiation intercepted Pb 
Total diffuse = TOtaldise+ S  I dc + CD - S  )Ido 
TOtaldirect = Total direct + SH 'b 
Absorbed 	= Absorbedj se  + [SH I + CD - SH 0do 1 d 
Absorbeddirect  = Absorbe4lfr + SH 1bPb 
End if 
? : 1 End loop: hours 
End loop: weeks 
(Absorbeddifflise + Absorbe4Jfr 	)/(Total diff 	Totaldirect) 
3.5.2.3 Emnirical determination of light intercention. 
Both the 3Ddiffuse and Mall light interception routines consume considerable 
quantities of computer time. A single run of the model using either of these routines to 
predict light interception could take several hours. In addition, these routines have the 
disadvantage of only being usable for tree spacings which are multiples of 0.5m. These 
problems can be solved by compiling a large data set for the output of each routine 
corresponding to using a wide range of parameter values. Data could then be extracted 
from this based on a set of input parameters instead of calling the routine itself. Two 
methods were attempted for doing this extraction: 
(i) Empirical determination of relationships. 
The output of the 313diffuse routine can be determined using equations relating 
percentage light intercepted, %L, to crown height, CHT(m). To do this, these 
characteristics were sequentially added into an equation based on a Gompertz function. 
The form of these equations (listed below) was subjectively chosen (e.g. a Gompertz 
function for the initial step), and then parameter fitting was done by multiple regression. 
The order in which parameters were added to the network of equations was also 
subjective, but apparently proved satisfactory. The equations were as follows: 
%L = lOOexp(-Fb.exp(-Fk.CHT)) 
Fb = 10(log(b1 - Fbl.exp(-b2.5v))+b3) 
Fk is solved from: b6.Fk2 - (5vb 7  + Fkl)Fk + 5v.b7.Fkl =0 
Fbi = -(b4.spacing + b5) 
Fkl = exp(b8.log(density) + b9) 
where b 1 , b2, b3, ..., b are parameters. 
Ranges of CHT, v and spacing used in the fitting were: 
CHT: 1 -25m 
v :0.2-2.4m 1 
spacing: 2.0 - 10.0 m 
The 3Ddiffuse interception routine was used to produce the data for this analysis in 
preference to the Mall routine because it is generally applicable (it does not differ 
between locations), it uses less computer time, and its output did not significantly differ 
from that of the Mall routine (§ 3.6. 1). All analyses used a length of clear bole of zero. 
Thus, for a specified apex angle in the range 10 to 30°, the amount of light 
intercepted for any given combination of spacing, crown height and light extinction 
coefficient can be predicted. 
The procedure for fitting parameters b 1 -b9, along with graphical examples of the 
curves produced by the multiple regression, is presented in appendix 2. Optimised 
values are tabulated below: 
Table 3.2 Fitted values for bi - bç. 
an le 1 4 5 b 6 T 7 8 
10 1.410 0.1325 0.385 0.0085 0.3280 0.565 0.350 0.4608 -3.8883 
15 0.825 0.1600 0.910 0.0000 0.2250 0.565 0.359 0.4932 -3.7832 
20 1.790 0.1675 0.070 0.0193 0.3565 0.527 0.530 0.4476 -3.3894 
25 0.730 0.1575 0.915 0.0102 0.1420 0.560 0.480 0.4889 -3.4444 
30 0.935 0.1125 0.650 0.0088 0.2117 0.580 0.568 0.4950 -3.3164 
(ii) Interpolation. 
The relationship between light interception and variables such as crown height, 
spacing and foliage density is strongly nonlinear. To interpolate the output of the output 
NVA 
Nue 
of the 313diffuse interception routine, a quadratic interpolating algorithm was therefore 
selected - Newton's forward difference interpolation formula of degree two (see 
Newby, 1980). 
The following is a description of this algorithm. If the coordinates of three points, 
(x0, y)  (x 1 , 'ii)  and (x2, Y2)  are known and the object is to determine an unknown y 
value, Yuk'  corresponding to a known x value, xk,  where Xij <xk <x 1 , then the 
interpolation can be calculated using the following steps: 
9 = (x - x0)/(x - x& 
Dy0 =y1  Y 
Dy1 =Y2Yl 
D2y0 = Dy1 - Dy0 
Yuk = Y + 9.Dy0 - 0.590.0 - O)D2y0 
This procedure can only be applied when x2 - x 1 = x 1 - x0. 
The main problem with using interpolation to describe the output of 313diffuse is 
that there are three x-variables : crown height, foliage extinction coefficient (v) and 
spacing. The solution was to interpolate for each in turn, the order being arbitrarily 
chosen as that of the previous sentence (the order should in fact make no difference to 
the final result). 
Interpolation has the disadvantage that it can only be done within the range of 
available data values. Prediction outwith this range is extrapolation, and can only be 
performed relatively safely within the range of one x-unit (x 2 - x 1 ) of the outermost 
known data values (Newby, 1980). Exactly the same procedure as above applies for the 
mathematical calculation of extrapolation (it can be seen that 9 will become negative). 
Regarding the various x-variables, this then allows: 
Prediction of light interception for spacings between 0 and 12 m. 
Predictions for crown heights between 0 and 26 m. 
Predictions for values of v between 0 and 2.4 m 1 . Observation of data 
revealed that light interception hardly increased for values of v greater than 2.4 m 4 (i.e. 
this corresponds to a more or less opaque medium), and therefore it was assumed that 
amounts of light intercepted for greater values were equal to a V value of 2.4 m. 
Smaller errors were probably incurred using this method than if potentially dangerous 
extrapolations had been employed. 
3.5.3 SOLAR2S : an insolation model. 
The Mall light interception routine requires insolation data on an hourly time step. 
For this purpose a radiation submodel, SOLAR2S, was designed to simulate the input 
of radiation on a horizontal plane anywhere on the earth's surface. 
3.5.3.1 Specification. 
Computation of solar input at the earth's surface involves two stages: 
Calculation of solar input on a plane immediately outside the earth's atmosphere. 
Determination of the attenuating effects of the atmosphere on incoming 
radiation. 
Excellent accounts of potential direct beam solar irradiance are given by Gates 
(1980), Brock (1981), Kaufmann and Weatherred (1982) and Iqbal (1983). 
Solar input is primarily a function of the sun's position in the sky, defined by its 
altitude above the horizon, a (the complement of which is the zenith angle, z: sin a = cos 
z), and its azimuth angle, a, which is the angle between the sun and true north as 
measured in the horizontal plane of the observer. The altitude of the sun is dependent on 
the latitude of the observer, 4, the solar declination angle, S. and the time of day, 
whereas the azimuth depends only on time of year and time of day. These phenomena 
are shown in fig. 3.13 overleaf (redrawn from Kaufmann and Weatherred, 1982). 
Solar declination depends only on date. A good equation for calculating declination 
is given by Cooper (1969): 
S = 23.45sin[ 360(284 + N)/365] 
where N is the number of days after 1st January (Julian Day). 
The hour angle, h, is the difference between the given time and noon, expressed in 
degrees where 1 hour is 15°. Daylength (T, hours), along with times of sunrise and 
sunset (hours), can then be computed as follows: 
T = 2{ cos- 1 ( -tan 4.tan S )/15} 
sunrise = 12- 0.5T 
sunset = 12 + 0.5T 
M. 
Figure 3.13 Spherical trigonometry of a beam of sunlight impinging on the earth. 
N 	 W V 
S 
z 	 _bS 
E 	P = position of observer 
X = position on sphere directly under sun 
V = position vertically above observer 
S = sun 
II  z = zenith angle 4, = latitude = solar declination h = hour angle 
S 
Spherical trigonometry then gives the following relationships: 
sin a = cos z = sin 4.sin ö + cos 4.cos &cos h 
cos a = (sin 4.sin a - sin ö)/(cos .cos.a) 
During its revolution around the sun, the earth's distance varies with time of year 
by 3.0%, due to the earth's eccentric orbit. The radius vector of the earth, R, expresses 
this ellipticity and can be calculated from the following equation (Nicholls and Child, 
1979): 
R = 1.0/f 1.0 + [0.033cos( 360N/365)] }1/2 
The amount of solar energy incident on a unit area exposed normally to rays of the 
sun at mean sun-earth distance is called the solar constant. The NASA (1973) value of 
this constant, 10aw  is 1353 
Wm-2.  The instantaneous amount of solar radiation, ho, 
incident on a surface just outside the atmosphere is then: 
110 = I,yIR2( sin O.sin 8 + cos O.cos &cos h) 
When clouds are absent, solar radiation is attenuated by the atmosphere in several 
ways (Meyers and Dale, 1983) - Rayleigh scattering, absorption by water vapour and 
permanent gases, and aerosol scattering and absorption. In addition, the earth's surface 
albedo may result in a significant fraction of incoming radiation being reflected back 
into the atmosphere. The factors listed above are often strongly influenced by climate, 
weather and site, making it difficult to describe their effects on a general scale. 
When the sun is directly overhead (zenith = 0) the path length through the air is 1 




air mass, m, is given by: 
m = 1/cosz 
However, there is considerable error in this equation for large zenith angles because 
of the earth's curvature and refraction in the atmosphere, being as high as 10% at z=85° 
(Iqbal 1983). A more accurate formula is provided by Rodgers (1967): 
m = 35/0224cos z + 1 .0)1a 
Attenuation through the atmosphere can then be given by Beer's Law: 
Ibeam= 'Oav exp(-const.m) 
where Ibeam = solar radiation impinging on a horizontal surface at ground level 
const = a constant 
exp(-const.m) =,rtotal = total transmissivity of atmosphere. 
Because of seasonal changes in the water vapour and ozone content of the 
atmosphere, rtotal  has been computed as follows: 
Irtotal = toone ttothe 
where tozone = ozone transmissivity 
IrWV = water vapour transmissivity 
tother = transmissivity of atmosphere excluding ozone and water vapour. 
"other is given by: tother = exp(-km) 
where katm = a constant. 
The amount of ozone in air, 1, is measured in atmosphere centimeters (atm cm), 
which is the height of gaseous ozone if all the ozone in a vertical column of unit area 
were brought to normal temperature and surface pressure (NTP). Total ozone varies 
with latitude - Robinson (1966) cites the following figures for 50°N: 
Table 3.3 Ozone amounts in air on an annual basis for 50°N. 
Month 
_____ Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Ozone (cm NTP) 0.32 0.36 0.34 0.38 0.37 0.35 0.33 0.31 0.30 0.28 0.29 0.30 




0.02118U3 	 1.082U3 	0.0658U3 
_____________ 
1 + O.042U3 + 3.23*104U 	(1 + 138.6U3 )O.805 1 + (1 03.6U3 
U3 = l.m 
tozone = 1 - aozone 
Precipitable water is the total amount of water vapour in the zenith direction, 
expressed as the height of a condensed water column, e.g. 1 cm corresponds to 1 g 
cr 2 of precipitable water. 
Leckner (1978) presented the following formula, which expressed precipitable 
water, w (cm), in terms of relative humidity: 
w = 0.493RHp5T 
where RH is relative humidity in fractions of one, T is ambient temperature in degrees 
Kelvin, and p is the partial pressure of water vapour in saturated air given by the 
following equation: 
PS = exp(2623 - 5416T) 
Tables of average relative humidity and temperature for various British 
meteorological stations are cited in appendix 3. 
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The amount of beam radiation impinging on a horizontal plane, 'bpi (Wm-2), is 
then given by: 
'beampi = Icos z 
For clear skies, the value of katm  was fitted by regression using data provided by 
Collingbourne (1976) for Kew, London, for the months June and September. This 
resulted in a best value of katin  of 0.31 (the fit is shown in fig. 3.14). 
An equation was derived to calculate the diffuse radiation arriving at the earth's 
surface on a clear day (Iff,  W m7 2) based on the attenuation of beam radiation through 
the atmosphere and the zenith angle of the sun: 
'diff = Dff.(LJ - Ibeam)-Cos z 
where D if is a constant. 
The total (global) radiation on a clear day, 'c1 (Wm 2) is then given by: 
'clear = 'beampi + 'jiff 
A value of 0.40 was fitted for parameter Dif, again using the data set provided by 
Collingbourne (1976). The data fit is shown in fig. 3.14 for ka =0.3 1 and Dff = 0.40: 
Figure 3.14 Parameter optimisation fork p ,,and Dif: data provided by Collingboume (1976. 
G = global; Dr = direct only; Df = diffuse only 	- data for Kew, London (clear days) 
katm 0.31 : Dff = 0.40 	 ...........model prediction (mid-month) 
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The simulation of radiation fluxes on cloudy days is a complex matter, because of 
the variability in amount and type of clouds present in the sky. Various cloud types 
have different transmissivities. The most important factors that influence cloud 
transmissivity are albedo of cloud top and ground albedo (Vowinckel and Orvig, 1962). 
Cloud albedo is dependent on cloud temperature, decreasing with lower temperature. 
From data produced by Lumb (1964), the following transmissivities were estimated as 
a fraction of the transmissivity of clear sky: 
Table 3.4 Transmissivities of various cloud tvr)es. 






However, the transmissivity of a particular cloud type may vary seasonally, or 
from place to place (Vowinckel and Orvig, 1962), a factor which is not incorporated 
into this model. 
In Britain cloud amount is reported in oktas (eighths), with values ranging from 0 
when the sky is cloudless, to 8 when completely overcast. 
Barrett and Grant (1979) present frequency distributions for the occurrence of five 
major categories of cloud type over Britain. From this data, representing 413 days with 
at least some cloud in the sky, the following frequency table for different cloud types in 
different degrees of cloudiness was derived: 
Table 3.5 Frequency of occurrence of different cloud types in Britain: 
number of okias 
cloud Mx 	1 	2 	3 	4 	5 	6 	7 	8 
stratocumuliform 10.3 4.1 10.3 6.1 12.4 20.6 49.4 84.5 
cumulifomi 22.8 8.6 4.8 4.8 5.7 9.5 23.8 9.5 
stratiform 1.6 0.8 0.8 1.6 0.8 1.6 14.4 63.2 
cirriform 6.3 1.3 2.5 0 0 2.1 6.7 0 
cumulonimbiform 0 0 1.2 1.8 0.1 3.1 3.8 3.0 
sum 41.0 14.8 19.6 14.3 19.0 36.9 98.1 160.2 
% total 10.2 3.7 4.9 3.5 4.7 9.1 24.3 39.76 
From this table, the average transmissivity for clouds in Britain, tclouthv,  can be 
calculated as follows: 
tcloudav = 	>1 
	8 	
P. Ctrfls 
cloud type = 1 oktas = 1 
where 1occ  is the probability of a cloud type occurring with a certain number of 
oktas coverage. 
Fsky  is the fraction of sky covered by cloud 
C 5 is the transmissivity of the cloud type 
This gives the result: 
tcloth = 0.3074 
This result is remarkably similar to that found by Kimball (1928) (see also Lumb, 
1964): 
WIA 
1glolxii = 'clear(1 - O.7 1C) 
where Cfrac is the fraction of sky covered by cloud, and Iglobal the radiation reaching the 
earth's surface. 
This produces a value of 'Ecloudav = 0.29. 
The amount of diffuse radiation present on an overcast day, 'cloudy'  may now be 
approximated by: 
'cloudy = 'tcloudav lclear 
Plants are only capable of utilising photosynthetically active radiation (PAR) for 
growth. Of total global radiation, a certain fraction, RPAR,  incorporates these 
wavelengths. Typical values for RpAR lie in the range 0.43 to 0.45 (Britton and Dodd, 
1976; Weiss and Norman, 1985). 
3.5.3.2 Validation of SOLAR2S. 
SOLAR2S was validated against data applying to radiation impinging on a 
horizontal plane at the earth's surface at Manchester (53 21'N), provided by Page and 
Lebens (1986). This data relates to clear sky beam, diffuse and global radiation, 
overcast sky radiation, and average all-weather radiation, all on an hourly time step for 
each month of the year. The months of March and July were selected for validation. 
Average all-weather conditions (1av'  Wm-2) were simulated using data from the same 
source (tabulated in appendix 3) relating to the number of sun hours per day, on a 
monthly average: 
*1 	+ sun clear (1.0 - Fracsufl)*Icloudy 
where Fracsun  is the fraction of the day which is sunny (i.e. sunhours/daylength). 
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Figure 3.15 Validation SOLAR2S against data for clear days at Manchester (Page & Lebens 1986') 
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Figure 3.16 Validation of SOLAR2S against data for overcast and average days at Manchester 
(Page&Lebens 1986). 	 data 
Mr: March; fl :July 	 model prediction (mid-month) 
300, a) Overcast conditions 	 6001 	b) Average conditions 
rt: 200 
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Although not perfect, the model predictions for clear sky situations are good, both 
the direct and diffuse components being simulated reasonably well (fig. 3.15a,b). 
However, the model predictions for completely overcast days are considerably in 
excess of real values (fig. 3.16a). The probable cause of this is that the model operates 
on the basis of the transmissivity of an 'average' cloud, whereas in reality completely 
overcast days are likely to be dominated by thick clouds with low transmissivity (e.g. 
stratiform). Model predictions for an average day are, however, fairly accurate (fig. 
3.16b), suggesting that application of the model to simulate climate over considerable 
time periods is likely to produce sensible predictions. 
3.5.4 Growth, partitioning and respiration. 
The amount of assimilate, ASSIM (kg CH 20 ha-1 yr 1 ), produced by a forest stand 
is given by: 
ASSIM = 100effQiir°7°1 
where (Xeff = average photosynthetic efficiency of foliage (kg CH 20 GJ 1 m 2) 
Qin = energy impinging on system throughout year (GJ m 2 yr 1 ) 
%L = percentage light intercepted by the tree canopy 
Values for Q, as predicted by SOLAR2S, are 1.60, 1.38 and 1.28 GJ PAR m 2 
year- ' for Plymouth, Manchester and Glasgow respectively. 
Before any of this assimilate becomes available for structural growth, maintenance 
respiration costs must be met. The maintenance cost of each biomass component is 
given by its dry weight multiplied by a simple coefficient, e.g. for foliage: 
RMf01 M101.Wf01 
where RMf01 = maintenance respiration cost of foliage (kg ha- I  yf1) 
Wf01 = foliage dry weight (kg ha -1 ) 
Mfol = respiration coefficient for foliage (kg CH 20 kg-1 dry matter yf1 ) 
A similar equation can be written for the respiration associated with sapwood 
(RMSap, kg ha-1 yfi): 
RMsap = 
where W, = sapwood dry weight (kg ha -1 ) 
M, = respiration coefficient for sapwood (kg CH 20 kg-1 dry matter yf 1) 
It is therefore necessary to have a quantitative knowledge of both foliage and 
sapwood. Methods of doing this are described in the following section (3.5.5). In 
addition, it is necessary to know the respiration costs associated with other tree organs - 
roots and branches. 
It is assumed that branch biomass is linearly related to foliage biomass. While this 
is likely to be valid for young trees, it is realised that the relative biomass of branches 
may increase in older trees. However, treating branches as an individual state variable is 
likely to incur just as much error, because of the complicated nature of the branching 
structure, and how this changes through time. It now follows that branch respiration, 
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RMb (kg ha-1 yf1 ) is directly proportional to foliage respiration: 
RlvIb = kbf.RMfO1 
where kbf  is a constant. 
Finally, the model assumes that root respiration rate, RM (kg ha-1 yr 1 ) is linearly 
related to the sum of respiration rates of all other biomass compartments. Using this 
assumption means that as well as branches, roots need not be explicitely treated as a 
state variable in the model. It is justified on the basis that one would expect the supply 
of nutrients and water (from the roots) to be in proportion to the physiological activity 
of the plant organs (reflected by their maintenance respiration costs), not their absolute 
biomasses. Then: 
RMrt = krt.(RMfol  + lMb + RMsap) 
where k.1.t  is a constant. 
Total maintenance respiration, 	(kg CH20 ha- I yr 1 ) is then: 
RMtot = RMfol + RMb + RMsap  + RM11 
Of the remaining assimilate, ASSIMNET (kg CH 20 ha-1 yr 1 ), after maintenance 
respiration has been subtracted, a certain fraction, CPSTEM, must be partitioned to 
stem. Three basic choices are available to the model user to calculate CPSTEM: 
CPSTEM is given by a constant plus a competition factor: 
CPSTEM = C 1 + C.CTN 
where C1 and C2 are parameters 
CTN is the competition experienced by individual trees, quantified using the 
index stem volume divided by growing space (see chapter 2). 
CPSTEM is a function of stand age. Relationships were fitted (using linear 
regression) to the graphs shown in fig. 3.1, along with additional data for Douglas fir 
provided by Mohren (1987): 
Figure 3.17 Fined relationships (dotted lines) for various data sets to quantify % of above-ground 
increment allocated to stem as a function of stand age. 
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The model user can select from any of these relationships. Note that all these 
graphs operate on the basis of above-ground increment only. It was assumed that the 
fraction of assimilate partitioned above-ground, CPAG, remained constant, giving: 
CPSTEM = CPAG*FRACSTEM + C2*CTN 
where FRACSTEM is the fraction of above-ground assimilate incorporated into stem 
CTN is the competition experienced by indiviudal trees as described above. 
Hence, the assimilate partitioned to stem, ASSIMSTEM (kg CH 20 ha-  yr 1) is: 
ASSIMSTEM = CPSTEM*ASSIMNET 
(iii) The carbon partitioned to stem can be modelled as the complement of that 
partitioned to foliage, where foliage is quantified on the basis of maintenance of 
constant sapwood-foliage relationships (as was done by Makela, 1986). The user must 
then select an empirical relationship to relate foliage area or biomass to sapwood area in 
order to use this modelling option. Constant fractions of assimilate are assumed to be 
partitioned to roots and branches. The total amount of assimilate partitioned to Stem, 
ASSIMSTEM is then: 
fo1,t '+o1,t-1 (1 




where CPAG is the fraction of net assimilate partitioned above-ground 
CPb ch is the fraction of above-ground assimilate partitioned to branches 
Wfol t  is the current foliage biomass (kg ha-1 ) 
Wfol t .l is the biomass at the end of the previous year (kg ha-1) 
Sf01 is foliage longevity (years) 
Finally the increment in stem biomass, Wsmmc  (kg ha 1 yr 1) is given by: 
Wsmmc = ASSIMSTEM.Yg 
where Y is the efficiency of conversion of soluble sugar to structural biomass, kg kg -1  
(i.e. growth respiration is accounted for). 
If the user has selected to simulate foliage as a state variable, then the amount of 
assimilate partitioned to this sink, ASSIMFOL (kg CH 20 ha-1 yr) must be predicted 
(see §3.5.5). This is done using another partitioning coefficient, CPFOL, which is 
assumed to remain constant irrespective of stand conditions and age: 
ASSIMFOL = CPFOL*ASSIMNET 
Once again, a conversion efficiency, gfo1'  is applied to predict the increment in 
foliage biomass, Wfolfflc  (kg ha-1 yr'): 
WfOlfflC = ASSIMFOL.Y Ø1 
Finally, the rate of turnover of foliage is calculated on the assumption that needles 
have a fixed life span, given by parameter S f01 . 
3.5.5 Treatment of foliage and saDwood. 
For the purposes of calculating light interception, growth and respiration, it is 
necessary to accurately predict the biomasses of foliage and sapwood. Regarding 
foliage, the model user is given three main choices: 
Foliage area density (m2 m 3) within tree crowns is constant (an input value) in 
both time and space. Foliage biomass or area can then be caluculated from a knowledge 
of crown dimensions. 
Foliage biomass or area (the two are mutually dependent assuming a fixed value 
of specific leaf area) is calculated from equations cited in table 3.1. In addition, the user 
reirel 
MAM 
may input his/her own coefficients rather than selecting preset values. 
(iii) Foliage may be treated as a state variable. If this option is selected, then the 
user is given the further option of taking the effect of wood conductivity on the amount 
of sapwood it can sustain into account (a greater amount of foliage per unit sapwood 
area would be expected in trees with low density wood than in trees with high density 
wood). This is done as follows: 
FA = FA*KWIAWD 
where FA = foliage area per tree (m 2) 
FA foliage area per tree calculated without taking the effects of conductivity 
into account (m2) 
= a constant (kg m 3) 
AWD = average wood density in the sapwood rings (kg m 3). 
Foliage area is simply converted to biomass by dividing by its specific leaf area. 
Calculation of sapwood biomass, Wsap  (kg ha-1 ) is based on the assumption that 
the fraction of sapwood in the entire bole is the same as the fraction at breast height: 
Wp = Wsm.SA/BA 
where Wstem = stem biomass (kg hat) 
SA = sapwood area at breast height (cm2 tree-1 ) 
BA = total basal area at breast height (cm 2 tree-1). 
It is clear that sapwood area must be calculated as a fraction of total basal area. One 
of three choices can be selected for doing this: 
It is a constant fraction of total basal area throughout the life of the stand: 
SA = kSA.BA 
where ksA  is a constant. 
It is related to tree height according to Hakkila and Panhelainen (1970): 
SA = ksA.BA 	ksA 1.0 - ksp(4.50 + 0.065HT)/100 
where HT = tree height (m) 
kSA2 = a constant. 
Sapwood occupies a fixed number of growth rings, Ssapq  i.e. it has a fixed life 
span of a certain number of years. The fraction of sapwood is then simply calculated 
from the area occupied by these rings as a fraction of total area. 
3.5.6 Prediction of wood density using FORESTS. 
The user is faced with three choices: 
(i) A constant value (g cm-3), input by the model user. 
(ii) Wood density is related directly to stand age. The following equations were 
derived relating wood density to age for the stands depicted in fig. 3.3: 
Table 3.6 Table of coefficients for fitted equations relating wood density (g cni 3) to stand age 
(years) for various forest stands (fig. 3.3). Equations of form d + bx2 + cx + d. 
refence a 	I 4 	maxvear 
1 	5.333*106 	2.714*10-4  4.762* 10-5 0.3767 35 
2 1.933*10-5 0.0013 








5 2.047*10-5 0.0012 -0.0175 0.3868 	29 
6 0.0 -8.280* 10-5 0.006437 0.27436 60 
itferences: 
1: Radiata pine (Cown 1974) 
spruce (Brazier 	 pine (Keith 
Corsican pine (Rendle & Phillips 1958) 
Red 	1969) Sitka 	 1967) 
Douglas fir (Rendle & Phillips 1958) 6: Lodgepole 	 1982) pine (Taylore: a! 
The column "maxyear" in the above table states the maximum year to which the 
equation is applicable - if the model is run for a longer duration then wood density is 
assumed to remain constant from this year onwards (extrapolation of polynomial 
equations is extremely dangerous). 
(iii) Wood density may be related to competition experienced by individual trees, 
defined in terms of tree basal area and growing space. Savill and Sandels (1983) 
provide data for the growth of Sitka spruce stands respaced to densities of 2900, 1450, 
725, 475 and 320 stems per hectare. Figs. 3.18a and 3.18b, shown overleaf, were 
derived from this article, and show how wood density is greater in high-density stands, 
although growth is reduced per tree. 
A good relationship was derived (figure 3.19) relating the density of wood 
produced in year ito the competition level experienced at the end of the previous year. 




Figure 3.18 Graphs of wood density and stand volume for respaced Sitkp SDTUCC stands of densities 
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Figure 3.19 Density of wood produced in year i as a function of comoetition (volumeper tree 
divided by growing space) in the previous year. 
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Applying this regression equation to Forestry Commission data, for Scots pine, 
gives the result shown in fig. 3.20: 
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Figure 3.20 Wood density predicted for Scots nine. Yield Class 10. using the regression equation 
shown in figure 3.19 . for three planting spacings. 
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As would be expected, wood density is lower in widely spaced stands than more 
densely packed stands before canopy closure. General predictions for density of newly 
formed wood were rather high (compare with fig. 3.3). It is likely that the slope of the 
regression line shown in fig. 3.19 is species specific. 
The model then operates by calculating the density of wood produced in a particular 
year, WD (g cm-3) from the following equation: 
WD = (2.3023CTN + 0.3535).SF 
where CTN = competition level, as defined above (m 2 m 2) 
SF = a species-specific scaling factor (dimensionless). 
3.5.7 Other model features. 
3.5.7.1 Height increment. 
Empirical equations were derived to relate height increment to stand age, Yield 
Class and planting spacing. A polynomial equation using the above variables was fitted 
using the statistical package SAS (see appendix 2), for Scots pine in Britain, for Yield 
Classes in the range 6 to 14, and a variety of spacings between 0.9 and 4.5m. The 
equation used was: 
HT = (z 1YC + z21OgDENS + z3)AGE2 + (z4YC + z51ogDENS + z&AGE 
where HT = tree height (m) 
YC = Yield Class 
DENSPL = planting density (stems had) 
AGE = stand age (years) 
Fitted values for z 1 - z6 were: 
	
z1 = -0.00019453 	 z4 = 0.03 1557 
z2 = -0.00014187 	 z5 = 0.019126 
Z3 = 0.0011635 	 z6 = -0.017685 
The fit of these values is shown for a range of spacings for Yield Class 10 in fig. 
3.21. The prediction line for lOm has been included in addition to those for 
conventional forestry spacings. Admittedly, it is difficult to fully justify this 
extrapolation, but height growth at wide spacings had to be modelled somehow, and the 
results do not seem unrealistic. Without site data to compare with, this extrapolation is 
probably as suitable, if not better than, any other method which could be devised. 
A lack of data for stand ages up to year 20 is unfortunate. One might expect an 
S-shaped curve to best fit the data, based on slow height increment when very young. 
Without data to parameterise such a relationship, the curves shown in fig. 3.21 should 
be considered adequate. 
Figure 3.21. Comparison of Forestry Commission Yield Class data relating stand height (m) to 
stand age for Scots pine stands N.C. 10 planted at different spacings. and predicted values. 
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3.5.7.2 Crown%. 
The user is given three options for calculating crown%: 
A constant value, throughout the rotation. 
It may be calculated using an equation derived by Kramer (1966) for conifer 
stands in Scotland: 
crown% = a + (l00-a)exp(-0.5(1/s)(HT-m) 2 ) 
where FIT = tree height (m) 
m = height at which crown% departs from 100% 
s = parameter governing rate of decline of crown%, following a Gaussian 
curve 
a = limiting value of crown% (minimum crown) 
Note that in the original text (Forestry 3M, this equation has been typed out 
incorrectly; the correct form is as stated above. 
However, one would expect the rate of decline of crown% to be related to the 
degree of canopy closure. Trees growing in the open would be expected to have larger 
values of crown% for a particular stand age than more closely spaced trees. On a purely 
theoretical basis, the value of parameter s was related to the degree of canopy closure 
(quantified in terms of percentage light intercepted, %L): 
= (100-%L)/100.SCP 1 + scP2 
where SCP 1 and SCP2 are parameters. 
A set maximum crown height is specified. If tree height is less than this 
specified height then crown% equals 100% otherwise crown height equals the 
maximum height. 
Ideally, crown% could be modelled by calculating the amount of light reaching the 
foliage in the lowest branches of trees. If insufficient light energy arrives at this foliage 
to adequately compensate for maintenance respiration costs, then that foliage would die. 
Using this principle, crown% could be set such that the most shaded foliage in a tree 
crown was just able to account for its respiration demands by photosynthetic 
production. It would mean calculating the different foliage elements in the crown, using 
the light interception routines described in §3.5.2.2. This would involve adaptation of 
these routines such that they no longer operated on the basis of a ground plot, but used 
a set of points located within tree crowns. It was decided that costs in terms of both 
computer time and modelling effort did not justify this approach. 
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3.5.7.3 Diameter at breast height. 
It is necessary to compute diameter at breast height from stem volume in order to 
calculate total basal area and sapwood area. Trees grown at wide spacings tend to have 
a larger diameter at breast height, d.b.h., to volume ratio than trees grown at narrower 
spacings, because of increased bole taper. Examination of Forestry Commission data 
showed that Yield Class had no apparent effect on this relationship. As with height 
increment (3.5.7.1), it was necessary to derive a general equation relating d.b.h. to 
individual-tree volume and planting density, such that it could be extrapolated for 
predictive use at wide spacings for which no data exists. 
Data for Scots pine, for a range of Yield Classes between 6 and 14, and planting 
spacings between 0.9 and 4.5m, were fitted to the following equation using SAS (see 
appendix 2): 
DBH = 2(v1 VVOL) (1 .01(v2 log  DENSPL+ V3 )) 
where DBH = diameter at breast height (cm) 
VOL = individual-tree stem volume (m 3) 
DENSPL = planting density (stems ha -1 ) 
v1, ''2  and v3 are parameters. 
Fitted values for v 1 - v3 were: 
v 1 = 56.959 	v2 = 0.03770 	v3 = 1.07460 
An example of the predictive use of this equation, for a range of spacings and Yield 
Class 10, is shown in figure 3.22 overleaf. 
3.5.7.4 Mortality. 
Mortality of trees, whether considered as natural mortality or as thinnings, is related 
to stand age and its rate of maturation. No obvious equation was apparent to relate it to 
Yield Class, planting density and stand age. 
The approach adopted was therefore to allow the user to select between Forestry 
Commission data sets for a range of Yield Classes and planting spacings for Scots pine. 
The model then automatically self-thins as stated in the Forestry Commission tables (for 
and intermediate thinning regime). Alternatively, the user may select a no-thinning 
regime, in which no mortality occurs throughout the rotation. This must be selected for 
wide spacings, for which no data exists. However, this is not unreasonable, for 
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Figure 3.22. Comparison of fitted lines and Forestry Commission data relating individual-tree d.b.h. 
to individual-tree stem volume, for Scots pine Y.C. 10 and various planting spacings. Prediction 
for lOm spacing is also included. 
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example a forester who plants trees at 100 stems per hectare (lOm spacing) is unlikely 
to want to thin this stand at any stage. 
3.5.8 Summary of modelling choices. 
1) Light interception:  Light interception routines 
 Use of empirical relationships to utilise output of light 
interception routines. 
2) Foliage area:  Constant leaf area density within crowns. 
 Calculated empirically from equations. 
Treated as a state variable. 
3) Wood conductivity:  Affects leaf area - basal area/sapwood relationships. 
 No effect. 
4) Sapwood:  Constant fraction of total basal area. 
 Related to tree height. 
 Fixed longevity. 
5) Carbon partitioning to  Simple function of competition or constant. 
stem:  Empirical function of stand age. 
 Complement of that partitioned to foliage, based on 
maintenance of constant sapwood-foliage relationships. 
6) Wood density: (i) Constant. 
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Related empirically to stand age. 
Related to competition experienced by individual trees. 
7) Crown% 	 (i) Constant. 
Calculated empirically from equation of Kramer (1966). 
Set maximum crown height specified. 
3.5.9 Model Output. 
On completion of a simulation run, the user may select between two forms of 
output: tables or graphs. Up to five variables may be tabulated/plotted at once, and in 
addition a comparison can be made with results of the previous model run. Graphs 
were simply made up of characters as shown in fig. 3.23. This provided rapid output 
for immediate viewing, rather than using plotting packages which tend to be laborious 
and time consuming. Output can also be channelled to an output file, which can then be 
accessed by sophisticated graph plotting packages. 
Figure 3.23 Typical model output. 
*:C.A.I. (m3) 	+:cum. volume 	o:d.b.h. 	z:% light mcd 
* 	10.0000 x 	 zzzz zzz 	zz 
+ 500.0000 I zzzzzzzzz 	zz 	zzz 
o 	50.0000 I 	 zzzz 
z 100.0000 I zzz 
	
I 	 **zzz********** 	 00000 
I **zz 	 00000 	** 
I 	 **zz 0000000 	 ++ 
I * Z 	 00000 	 ++++ 
I 	 ** 	 00000 	 +++ 
*5 	 0000 	 ++++ 
* 	5.0000 X 	 * Z 	 000 	 +++ 
+ 250.0000 I * Z 	0000 	 ++++ 
o 	25.0000 I 	 oo 	 +++ 
z 50.0000 000 
Z 00 
*z00 	 ++++ 
I 	 oz 	 +++ 
oozz +++ 
I 	oozz 	+++++ 
I zzz+++++++++ 
X-----------------------------30----------------------------60 
Stand age (years) 
107 
3.6 Performance of the model. 
This section provides an investigation into the model sensitivity to, and the 
suitability of, the numerous modelling choices and parameter values in the model. 
Because of the number of modelling choices available, not to mention possible 
ranges for each parameter value, it is clearly impossible to investigate model behaviour 
for all possible combinations of parameter values and modelling options. Two possible 
solutions present themselves (Ramdass, 1987): 
Sequential analysis of functions/parameters. Here, functions or parameters are 
investigated in turn, and the most suitable setting is carried forward for all subsequent 
analyses, i.e. the set of modelling choices in use is continually being updated. 
However, this approach is problematical in that it is difficult to decide on the order in 
which investigations should proceed, and what initial settings should be adopted. 
Parallel analysis of functions/parameters. In this case, a base model is set up, 
and modelling choices or parameter values are varied individually with respect to it. 
The second of the two approaches was adopted because of its simplicity, and the 
ease with which different modelling choices can be compared. The base model, which 
shall be deemed 'Version 1', was designed to be simple yet sensible in its assumptions, 
thereby enabling model output to be easily interpreted. An initial set of sensible 
parameter values, which shall be referred to as 'PSETi' was used to test the 
performance of this model version. Lists of modelling options and parameter values 
corresponding to these settings are shown in appendices 8 and 9. It is important to note 
that none of these parameters have been 'fixed' or 'fiddled' in order to improve model 
output - they all come directly from the literature or are sensible estimates. A general list 
of suggested parameter values for FORESTS is presented in appendix 5. In addition, 
lists of variables and model equations are supplied in appendicies 6 and 7 respectively. 
After fully investigating Version 1, a second base model, Version 2, was then set 
up based on the most suitable settings for modelling choices found by analysing 
Version 1. After checking that the output of this second version is reasonable, this can 
then be parameterised against a known data set and used for predictive purposes to 
simulate growth at agroforest spacings (3.7). The strategy for investigating the 





!' test to make 	parameter 	 function 	 select most
U 
A
ff sure that Output 	sensitivity 	 sensitivity 	 suitable 
is sensible analysis analysis 	 choices 




VERSION 2 	 sure that output 	against real 	 of 
is sensible  data 	 model 
Features of the modelling choices for Version 1, with parameter settings as stated 
byPSET1 are: 
Foliage is modelled as a state variable - the carbon partitioned to, and the 
senescence rate of, this compartment must then be predicted. Although it would seem 
intuitively simpler to assume a constant foliage density within tree crowns throughout a 
rotation, it was considered that at this stage of the analysis this assumption could not be 
justified. The prediction of foliage biomass by empirical means could have been 
selected, but it was decided to take the traditional approach of treating it as a state 
variable. 
Maintenance respiration is a function of the biomasses of foliage and sapwood 
(the respiratory cost associated with branches and roots are related to these). 
Carbon partitioning to stem, CPSTEM, is constant at 0.35. Competition has no 
effect on this process (C 2  = 0.0). The fraction of assimilate partitioned to foliage, C f01 , 
is set at a constant value of 0.25. 
A constant wood density of 0.45 g cm-3  is assumed. 
The longevity of sapwood rings is 15 years. Needles are assumed to have a 
longevity of 3 years. 
A constant crown% of 75% is assumed. 
The stand is thinned as tabulated in Yield Tables. 
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(viii) Scots pine Yield Class 10 was chosen for analysis in Version 1. An advantage 
of using Scots pine is that field data exist for stands planted as wide as 4.5 m spacing. 
Fundamental to the whole modelling approach is the output of the light interception 
routines. The suitability of these routines is assessed in §3.6.1 below before proceeding 
to analysis of the remainder of the model. 
3.6.1 Analysis of light interception routines. 
Because light interception is fundamental to mechanistic tree growth modelling, it 
was considered prudent to investigate the output of the different light interception 
routines before proceeding to analysis of the model as a whole. This aim of this section 
is to compare the output of the 2Dabove, 3Ddiffuse and Mall light interception 
routines. Lack of space prevents a comparison for all possible combinations of spacing, 
foliage density, apex angle and crown size, therefore typical examples are cited below. 
A) Comparison of 2Dabove and 3Ddiffuse routines. 
A typical comparison of the output of the 2Dabove and 3Ddiffuse routines for a 
6.Om spacing, is illustrated in figure 3.25: 
Figure 3.25 Comparison of output of 2Dabove and 313diffuse light interception routines. 
for three foliage densities at a 6m spacin& 	 apex angle = 20. 










: v =O.8m -1 
: V2.0m 1 
crown height (m) 
Two major features are apparent: 
The curves for the 3Ddiffuse routine asymptote at more or less 100% (as might 
be expected), whereas those of the 2Dabove routine asymptote at about 74%. The 
anomaly of the latter observation is explained by the fact that cones merge into cylinders 
as trees touch each other, and hence there are always gaps in the canopy (between 
cones), resulting in some light penetration when using the 2Dabove routine. 
For all crown sizes, light interception is considerably underestimated when 
using the 2Dabove routine compared to using the 3Ddiffuse routine. The effect of gaps 
is much larger on radiation penetration in the former. 
B) Comparison of 313diffuse and 313all routines. 
A typical comparison of the output of the 3Ddiffuse and Mall routines, for a 6.0 m 
spacing, is shown in figure 3.26 below. The latter routine was used with 
meteorological data relating to Glasgow, for a growing period of April to October 
inclusive. 
Figure 3.26 Comparison of output of 3Dcliffuse and 3Dall light interception routines. 
	
for three foliage densities at a 6m spacing. 	 apex angle = 20. 
3Ddiffuse 	 Mall 
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Figure 3.26 shows that there is remarkably little difference in the output of the two 
routines. In Britain, the sun rarely reaches zenith angles less than 20, and therefore one 
might expect increased amounts of light interception to be predicted using the Mall 
routine compared to the 3Ddiffuse routine, because of the reduced influence of gaps. 
This is indeed the case, but the effect is relatively minor. 
Because of the general applicability of the 3Ddiffuse routine (it remains the same 
for any place on earth), and also the fact that it uses considerably less computer time 
than the 3Dall routine, the remaining analyses use the former to predict light interception 
by forest stands. 
C) Evaluation of empirical relationships and interpolation as means for interpreting 
output from the 3Ddiffuse routine. 
As was discussed in §3.5.2.3, it is necessary to summarise the output of the 
313diffuse light interception routine either by empirical relationships, or by 
interpolation. This was because the routine itself used too much computer time to be of 
practical use in a model which has to be run many times. The suitability of using the 
two approaches is now investigated. 
Firstly, a detailed examination of the reliability of the equations quantifying light 
interception (the 3Ddiffuse interception routine) is presented. A typical example of 
predictive use of the equations is shown below in figure 3.27. Light interception was 
predicted from equations for a range of crown heights between 1.0 and 20.0 m, for 
three planting spacings, and the percentage error computed from direct comparison with 
the 3Ddiffuse output was plotted in a bar graph: 
Figure 3.27 Comparison of % error in predicted light interception using equtions (compared to 
output for 3Ddiffuse' for 3 different spacings and a range of crown heights. 
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The precision of the equations for 10 and 6 m spacings is clearly poor, particularly 
for small crown sizes - errors as large as 45% in the predictions occurred. 
There was little point in producing a graph similar to fig. 3.27 to show the error in 
prediction when using interpolation - this is zero when interpolating directly Onto 
known data points (the output from 3Ddiffuse). Typical examples of output when using 
the interpolation routine are tabulated in table 3.7: 
Table 3.7 Typical results of interpolation procedure for predicting  light interception from output 
of the 3Ddiffuse routine, for 2.0 and 10.0 in spacings. 
Figures in bold are direct output from 3Ddiffuse, other figures are interpolations. 
All figures are light intercepted per tree (GJ yrT 1),  assuming an annual input of 1.376 GJ m 2 yf . 
V 	rn 1 10.0 rn spacing 
1.00 1.04 1.08 1.12 1.16 1.20 
3.0 2.920 2.985 3.048 3.108 3.167 3.223 
3.2 3.448 3.523 3.595 3.664 3.731 3.22 
crown 	3.4 4.023 4.107 4.138 4.266 4.342 3.79 
height (in) 	3.6 4.645 4.738 4.829 4.915 4.999 4.41 
3.8 5.313 5.416 5.516 5.611 5.704 5.08 
4.0 6.028 6.141 6.250 6.354 6.455 6.551 
v (rn-i) 
 2.0 m spacing
1.00 1.04 1.08 1.12 1.16 1.20 
3.0 2.368 2.412 2.454 2.494 2.533 2.570 
3.2 2.763 2.810 2.854 2.897 2.938 2.977 
CrOWfl 	3.4 3.125 3.174 3.220 3.264 3.306 3.346 
height (in) 	3.6 3.454 3.503 3.550 3.595 3.638 3.678 
3.8 3.750 3.799 3.846 3.891 3.934 3.974 
4.0 4.012 4.061 4.107 4.151 4.193 4.233 
Although direct comparison with output of the 3Ddiffuse routine is not possible, it 
is clear that the interpolations are producing sensible results, because of the maintenance 
of smooth gradients as either v or crown height is varied. Large predictive errors in the 
order of 40% are simply not occurring. 
Two questions must now be answered: 
Is the output from 3Ddiffuse itself reasonable? 
Which is more reliable for predicting the output of this routine - the use of equations 
or interpolation? 
The most obvious way in which to answer these questions is to study how the 
amount of light intercepted per tree varies with spacing between trees and crown size. 
Theoretically, for trees which are exactly the same, one would expect increasing 
amounts of light to be intercepted per tree as spacing is increased. Table 3.8 shows how 
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such trends are predicted directly from the 3Ddiffuse interception routine: 
Table 3.8 Predicted amounts of light intercepted on an individual-tree basis using 3Ddiffuse. 
All figures ar GJ tree  yr 1 . assuming an annual input of 1.376 GJ m2 yr 1 . 
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20 6.0 10.0 
1 0.120 0.129 0.143 
2 1.103 1.196 1.221 
3 2.570 3.134 3.223 
4 4.233 6.316 6.551 
5 4.972 10.452 11.048 
6 5.258 15.318 16.636 
7 5.379 20.583 23.119 
8 5.441 25.885 30.280 
9 5.466 31.571 38.629 
10 5.480 36.557 47.094 
Results clearly show increased amounts of interception per tree with increasing 
spacing, even for small crown sizes. 
To investigate model behaviour with respect to predicting light interception either 
from equations or by interpolation, the model was run several times, with parameters 
set as for PSET1, for spacings of 2.0, 6.0 and 10.0 m. Results are shown in figure 
3.28 overleaf. 
Results produced when using equations to predict light interception are clearly 
unrealistic. When using these equations, amounts of light intercepted per tree were 
considerably greater in the closely spaced trees than more widely spaced trees in the 
earliest years of the rotation (fig. 3.28a) - quite the opposite of what would be expected. 
This occurs because of the gross underestimation of light interception for small crown 
sizes when using this technique, as highlighted by fig. 3.27. 
On the other hand, the use of interpolation predicted that light interception and 
growth of trees at 6 and 10 in spacings was approximately the same, while being 
reduced in the 2 m spacing when competition for light reached high levels (at about 
stand age 12). However, in the early stages of the rotation, very slightly more light 
interception is predicted at the narrower spacings - this is because trees become taller 
faster at these spacings (fig. 3.28c), and hence develop larger crowns more quickly. 
In conclusion, the use of equations to summarise the output of the 3Ddliffuse light 
interception routine has failed to produce sensible results, while the use of interpolation 
has. The latter technique shall therefore be adopted for use in the remainder of the 
results section. 
Figure 3.28 Comparison of model predictions for growth at 2.0. 6.0 and 10.0 m sDacings using 
either equations or interpolation of results from the 3Ddiffuse light interception routine, 
equations 	 interpolation 
2.0 m spacing 
6.0 m spacing 
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3.6.2 FORESTS : A preliminary examination. 
The aim of this section is to examine the dynamics of the base version of the model 
(Version 1) for a typical set of parameter inputs (PSET1), to make sure that the model is 
behaving in a sensible manner before progressing to more detailed sensitivity analyses. 
3.6.2.1 Model behaviour for Scots Dine at 4.5m spacing. 
A planting spacing of 4.5 m was chosen for analysis because it was wide enough to 
permit observation of growth of widely spaced trees (to which the model should be 
sensitive), and also allowed a direct quantitative comparison with Forestry Commission 
data. 
The model was run with parameters set as stated by PSET1, for a 4.5 m spacing, 
and a simulation length of 80 years. Results showing patterns of volume increment, and 
how these are related to the amounts of light intercepted, are shown in fig. 3.29. In 
addition, fig. 3.30 overleaf shows the pattern of assimilate production by the stand, and 
the resulting sinks for that assimilate. 
Figure 3.29 Comparison of output of FORESTS with Forestry Commission data. for a 4.5 m 
- model output 
Parameters set as for PSET1. 	
spacing. 
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These results show: 
C.A.I. is closely related to the amount of light intercepted by the stand (fig. 
3.29c). This is because the proportion of assimilate used to counter respiration costs 
remains relatively constant throughout the life of the stand (fig. 3.30). 
A maximum of about 85% of incoming radiation was intercepted. 
Maintenance respiration consumes about a third of assimilate produced by 
photosynthesis. This fraction does not vary a great deal throughout the rotation. The 




Figure 3.30 Assimilate production (kg ha1yrT  and strength of sinks for that assimilate 
Parameters set as for PSET1, 80 year simulation. 
sapwood respiration 	root respiration 	[1] stem growth respiration 
foliage respiration 	El foliage growth respiration 	stem growth 
branch respiration 	IM foliage growth 	 partitioned to other sinks 
noticeable role, but the respiration costs of sapwood and branches are only very minor 
sinks for assimilate. 
(iv) Compared to Forestry Commission data, the model overestimates C.A.I. in the 
first half of the rotation (up to a stand age of about 40 years), and then considerably 
underestimates it (fig. 3.29a,b). Unlike the Forestry Commission data, there was no 
decline in predicted C.A.I. during the latter stages of the rotation. 
In conclusion, using Version 1 of the model with parameter settings as stated by 
PSET1 has produced both a general underestimate of total C.A.I., and a lack of a 
declining increment in the latter stages of the rotation, as occurs in reality. Nevertheless, 
output was by no means ridiculous. 
3.6.2.2 Comnarison of model behaviour for different snacings. 
Version 1 of FORESTS was run three times for planting spacings of 2.0, 4.5 and 
10.0 m. Results are shown graphically in figure 3.31. 
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Figure 3.31 Comparison of model predictions for 3 planting snacings. narameters being set as 
____ stated by PSET1. 2.0m 	 4.5 m 	 10.0m 
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Points to note are: 
It is clear that foliage per hectare, light interception and C.A.I. per hectare are all 
closely interrelated. 
For the 2.0 and 4.5 m spacings, the canopy closes and an equilibrium foliage 
amount of about 25000 m2 per hectare (leaf area index 2.5) is reached. This level is 
never achieved by trees planted at wide spacing. 
As would be expected, the rate at which the canopy closes is closely related to 
planting spacing, being much faster at the closer spacings. 
Significant reductions in growth rate per tree occur in the two narrower 
spacings because of competition for light. 
Immediately after each thinning in the 2.0 and 4.5 m spacings, a significant 
increase in C.A.I. per tree occurs because of reduced competition for light resources. 
3.6.3 Sensitivity analysis. 
The object of the following sensitivity analyses is to examine the change in the 
model's response when a parameter value or modelling option is changed from the base 
case of Version 1 of the model with parameters set as stated in PSET1. In most of the 
following graphs, a shaded area represents model output for this base case, which then 
allows easy comparison with model output in the changed state. Most analyses have 
been done for Scots pine, Yield Class 10, for a planting spacing of 4.5 m. In some 
cases, however, further analysis involving other spacings was done in order to fully 
assess the suitability of various modelling options. 
3.6.3.1 Parameter sensitivity analysis. 
Sensitivity analysis was conducted by varying parameter values individually with 
respect to PSET1 by adding -50, -30, -10, +10, +30 and +50% to their value as 
assigned in Version 1 (except for those parameter which must assume integer values, 
for which particular values were chosen). C.A.I. was then compared over an 80 year 
simulation period to C.A.I. as predicted by using PSET1 for parameter value inputs. 
The resulting graphs are shown overleaf in figure 3.32. The reason for plotting graphs 
rather than using a simple quantitative measure of change (e.g. the change in cumulative 
volume after 80 years as a result of changing the parameter value) was that a qualitative 
analysis could also be made, i.e. the shapes of the curves could be compared. It is 
particularly important to assess whether a declining C.A.I. could be induced in the latter 
half of the rotation simply by changing parameter values. 
For convenience, parameters can be divided into the following categories, which 
are considered in turn: 
Energy input. The sole parameter in this category is Q. Perhaps not 
surprisingly, the model is sensitive to the value assigned to this parameter, because it 
controls maximum potential photosynthetic rate. However, the value assigned to Qin is 
probably fairly reliably estimated. 
Light interception. Three sets of parameters subdivide this group - those which 
affect crown dimensions, those which affect quantities of foliage biomass, and those 
which influence the ability of that foliage to intercept radiation. Both apex angle, A apex 
and crown% have large influences on C.A.I. during the first half of the rotation (until a 
stand age of about 40 years). The model is relatively insensitive to parameters which 
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Figure 3.32 Parameter sensitivity analysis for FORESTS with values set as specified by PSET1. 
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affect the amount of foliage biomass (C f01, S f01 and gfo1)'  providing that they allow 
this compartment to produce enough photosynthate to compensate for its own turnover 
rate and the demands of the remainder of the plant. If any of Cf01, 'gfo1  and Sf01 fall 
below particular threshold values, then the foliage becomes non-sustaining and the 
stand dies. In a similar fashion, those parameters which affect light interception 
directly, k and SLA, have little bearing on model output providing they are large 
enough to intercept enough light energy to sustain the system after thinnings. 
In summary, the model is most sensitive to crown dimensions, and not the amount 
of foliage within those crowns. 
Photosynthesis. As might be expected, the model is very sensitive to the 
conversion efficiency of light energy to photosynthate, aeff. 
Carbon partitioning. It is not surprising that the amount of carbon partitioned to 
stem, a function of C 1 , has a major influence on C.A.I. The influence of C 2 , i.e. 
competition, on this phenomenon is assessed separately in §3.6.3.2. 
Respiration. The conversion efficiency of assimilate to stem biomass has a 
significant effect on model output; however the estimate of this parameter is probably 
fairly accurate. Regarding maintenance respiration, only Mf01 had a large effect on 
model output. Parameters relating to sapwood, root and branch respiration only had 
relatively minor effects. Note that increases in Msapdid not cause a declining C.A.I. in 
the latter stages of the rotation (this might be expected if sapwood biomass were to 
increase markedly). 
Conversion to volume. The density of newly formed wood, WD, has a major 
impact on volume increment. This will be investigated further in §3.6.3.2. In contrast, 
the density of wood in the juvenile core, WDCOre  had almost no effect on model output. 
In conclusion, there are some parameters which show sensitivity and which can 
only be poorly estimated. The most noticeable of these are the parameters which 
quantify crown dimensions and carbon partitioning patterns. It is also evident that a 
declining C.A.I. after canopy closure, as happens in reality, cannot be induced simply 
by varying parameter values as above. This suggests that there some of the modelling 
assumptions assumed in the set of choices described by PSET1 are inadequate. The 
sensitivity of model output to these choices will now be examined. 
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3.6.3.2 Structural sensitivity analysis. 
Rather than investigating the impact of individual parameter values on model 
output, this section investigates the result of changing modelling choices, i.e. the very 
structure of the model itself. One such analysis has already been performed - the 
investigation into the use of different light interception routines (3.6.l). It can thus be 
seen that FORESTS is not a single rigid model, but provides a modelling framework 
which allows the suitability of different structures to be investigated. 
The sensitivity of the model to several important sets of modelling choices is 
investigated in this section: 
The method used to compute foliage area. 
The function used to predict wood density. 
The function used to calculate crown%. 
The method use to compute carbon partitioning between model compartments. 
All parameters were set in PSET1, unless otherwise stated. To avoid confusion 
resulting from excessively long labels, a separate system of numbering the subsections 
has been used for the structural sensitivity analysis. Table 3.9 below outlines the 
section in which each analysis is presented. 
Table 3.9 Outline of sections for function sensitivity analysis. 
Section Title 	 page no. 
FS1 Simulating 	foliage 	dynamics 	....................................... 122 
FS la Fixed foliage area per unit crown volume ................... 123 
FS lb Relating foliage area to sapwood basal area ................. 124 
FS lc Relating foliage biomass to diameter at breast height ...... 127 
FS2 Model 	sensitivity to wood density 	................................ 129 
FS2a Modelling wood density as a function of stand age ........ 129 
FS2b Modelling wood density as a function of competition 130 
FS3 Model 	sensitivity 	to 	crown% 	...................................... 133 
FS3a Crown depth set at a constant maximum value ............. 133 
FS3b Use of Kramer's (1966) equation with constant SCP 135 
FS3c Relating parameter SCP to light interception ............... 136 
FS4 Model sensitivity to carbon partitioning functions .............. 137 
FS4a Partitioning to maintain sapwood-foliage relationships 137 
FS4b Relating partitioning to stem empirically to stand age ...... 141 
FS4c Relating partitioning to stem empirically to competition 142 
FS1 Simulating foliage dynamics. 
The analyses done so far have treated foliage as a state variable, and which then 
rely on accurate predictions of carbon partitioning and turnover. However, two other 
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choices are available: 
Foliage area per unit crown volume remains constant. 
Foliage biomass or area is predicted empirically from other tree characters at 
each time step. 
These are now considered in turn. 
FS1a Fixed foliage area per unit crown volume. 
At a very simple level, it might be possible to assume that foliage density within 
tree crowns remains more or less constant during a rotation. If this could be assumed, 
then the complicated process of simulating foliage dynamics could be omitted. Running 
Version 1 with parameters set as stated in PSET1 (as in §3.6.2.1) produces a pattern of 
foliage density in tree crowns at 4.5 m spacing as follows: 
Figure 3.33 Graph of foliage density within tree crowns. model parameters being set as 
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It can be seen that treating foliage as a state variable produces considerable variation 
in foliage density over a rotation. The assumption of a constant value for foliage density 
might then be expected to produce markedly different results. Version 1 of the model 
was run three times with parameters set as stated in PSET1, except that foliage density 
was set to values of 1.0, 2.0 and 3.0 m 2 m 3 for each run respectively. Results are 
shown overleaf in fig. 3.34. 
Results show that assuming a constant foliage density value produces markedly 
different patterns of growth compared with running the model with foliage as a state 
variable. For all three foliage densities investigated, namely 1.0, 2.0 and 3.0 m 2 m 3 , 
total foliage area per hectare became very large as the crowns enlarged, producing a 
rapid decline in C.A.I. after an initial crown development phase. This occurs because 
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Figure 3.34 Model output with uniform foliage density within tree crowns. compared to output 
with all settings as for Version 1. All parameters set as stated as in PSET1. 
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increasing foliage biomass, whereas the respiratory costs associated with that biomass 
become excessively large. 
Clearly, this increase in respiration to such high level is unrealistic - in real stands if 
respiratory demands exceed photosynthetic production the foliage dies; in this way very 
high foliage densities simply could not occur. Although this model version has 
produced a declining C.A.I. in the latter stages of the rotation, which is one of the 
expected trends in a real stand, the underlying causes of this prediction make the use of 
the assumption of a uniform foliage density quite unacceptable. 
FS11b Relating foliage area to sapwood basal area. 
Section 3.4 described a variety of equations, for a range of coniferous species, 
relating foliage area or biomass to characters such as d.b.h. and sapwood area at breast 
height. This section aims to investigate the usefulness of equations with sapwood area 
as the independent variable in stand growth modelling. Two equations typical of those 
encountered in the literature were selected for analysis: 
y 0.1375x - 7.004 (Whitehead, 1978) : Pinus sylvestris. 
y = 044x (Kaufmann and Troendle, 198 1) : Pinus contorta. 
where y = foliage area per tree (m 2 tree-1 ) 
x = sapwood area at breast height (m 2 treed). 
Three separate sets of analyses were performed. Firstly, the model was run using 
the equations stated above, and output was compared to that produced when using 
Version 1, for a 4.5m planting spacing of Scots pine Yield Class 10. Secondly, the use 
of the above equations was tested for a range of planting spacings. This was to examine 
whether features such as foliage per hectare and C.A.I. per hectare reached similar 
values for different planting spacings after canopy closure (as would be expected). 
Finally, the sensitivity of these relationships to different sapwood longevities 
(parameter Ss& was investigated. 
A) Running the model for a 4.5 m planting spacing. 
The model was run for a 4.5 m planting spacing. Results are shown in fig. 3.35: 
Figure 3.35 Comparison of running FORESTS using equations relating foliage area directly to 
sapwood area with Version 1 of the model with standard settings. 
Version 1 (standard settings) 
Equations: 1: y = 0.1375x - 7.004 (Whitehead, 1978): Pinus sylvestris 
2: y = 0.44x (Kaufmann and Troendle, 1981): Pinus contorta 
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The general shape of the foliage curves resulting from using these equations was 
much the same as predicted treating foliage as a state variable (i.e. when using Version 
1). The observed difference in absolute foliage amounts probably results from the 
foliage-sapwood relationships being strongly species-specific. The use of the equation 
for Scots pine (Whitehead, 1978) produced a remarkably similar pattern to that 
predicted when treating foliage as a state variable in the model; reductions in 
photosynthesis because of diminished foliage were compensated for by reduced rates of 
foliage respiration. The reduced C.A.I. resulting from using the equation for lodgepole 
pine (Kaufmann and Troendle, 1981) occurred because of associated high foliage 
respiration costs. 
The equation for Scots pine has been used throughout the remainder of this section 
(FS ib) because it produced intuitively the most sensible results. 
B) Running the model for a variety of planting spacings. 
The model was run five times for a range of planting spacings between 2.0 and 
10.0 m. All settings were as for Version 1 of the model, except that foliage area was 
predicted using the equation for Scots pine (Whitehead, 1978) cited above. Results are 
shown in figure 3.36: 
Figure 3.36 Predicted foliage area and C.A.L. using an equation for Scots pine relating foliage 
area to sapwood basal area. for five planting spacings. 	1: 2.0 m 2: 3.0 m 3: 4.5 m 
Equation : y = 0.1375 - 7.004 (Whitehead, 1978) :Pinus sylvestris. 	4: 7.5 m 5: 10.0 m 
y = foliage area (n? treed), x = sapwood basal area (ca tree 1 ) 
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Stands planted at different planting spacings did achieve more or less the same 
foliage per hectare after canopy closure, except for the stand planted at 7.5 m spacing. 
This anomaly may be due to the fact that this stand is not thinned in the model (but it 
probably would be in reality) thereby producing a different type of growth pattern. 
However, the large amounts of foliage per hectare predicted before the age of first 
thinning for the 3.0 and 4.5 m spacings cast some doubt as to the reliability of using 
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not simulating foliage dynamics correctly, or that the age of first thinning is somewhat 
late with regard to thinning as soon as the canopy closes. 
C) Sensitivity of equations to sapwood longevity, 
The sensitivity of the model to sapwood longevity (parameter S, years) when 
using equations to relate foliage area to sapwood area was tested using the equation for 
Scots pine cited above. The model was run three times for values of S sap  of 10, 15 and 
20 years. Results are shown in figure 3.37: 
Figure 3.37 Predicted foliage area and C.A.L. using an equation for Scots pine relating foliage 
area to sapwood basal area. for three values of S(sapwood longevity parameter). 
Equation: y = 0.1375 - 7.004 (Whitehead, 1978) : Pinus sylvestris. 	1: Ssap=  10 years 
2: Ssap=  15 years 
y = foliage area (n treed), x = sapwood basal area (ca tree) 	 3 : S sap= 20 years 
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It can be seen that despite marked differences in foliage per hectare caused by 
varying the longevity of sapwood, C.A.I. was relatively unaffected except when Ssap 
was as low as 10 years when there was a slight reduction between years 20 and 40. 
Providing there is enough foliage to adequately intercept light resources, e.g. when Ssap 
equals 15 years, then further increases have little effect on C.A.I. (unless such 
increases are very large: §FS 1 b above). 
FS1c Relating foliage biomass to diameter at breast height (d.b.h.). 
In this section the performance of the model when using equations relating foliage 
biomass to d.b.h. was assessed. The equations used were: 






stand age (years) 
y = 1.96x - 1.703 (Kittredge, 1944) : Pinus ponderosa 
y = 1.88 lx - 1.650 (Cable, 1958) : Pinusponderosa 
where (i) y is loge foliage biomass (kg treed), x is log e d.b.h. (cm) 
(ii),(iii) y is log 10 foliage biomass (kg tree4 ), x is log10 d.b.h. (cm) 
Model predictions for a 4.5 m planting spacing, for Scots pine Yield Class 10 are 
shown in fig. 3.38: 
Figure 3.38 Comparison of running FORESTS using equations relating foliage biomass to diameter 
at breast height (dbh) (parameters otherwise set as stated by PSET1'). and model output with all 
parameters set as stated by PSET1. 	 Parameters set as stated by PSET1. 
Equations: 	y = 3.187x - 7.714 (Kinerson et al , 1974): Pinustaeda # 
y = 1.96x - 1.703 (Kittredge, 1944) : Pinusporiderosa § 
....... y = 1.881x - 1.650 (Cable, 1958): Pinusponderosa § 
# y = log, foliage biomass (kg tree -1 ), x = loge  dbh (cm) 
§ y = log1 0 foliage biomass (kg are- 1 ), x = log1 0dbh (cm) 
Once again, it is clear that these empirical relationships for calculating foliage 
biomass are highly species specific - the equation for P. taeda produced a very high 
foliage per hectare in the latter stages of the rotation, while both those for P. ponderosa 
produced similar predictions for a much lower foliage per hectare (fig. 3.38). The high 
foliage per hectare predicted for P. taeda when using the equation of Kinerson et a! 
(1974) resulted in a reduced C.A.I. after 50 years because of high foliage maintenance 
respiration costs which could not be compensated for by increased rates of 
photosynthesis. 
For all three equations, considerably less foliage biomass was predicted in the early 
stages of the rotation compared to predictions using Version 1, but a concomitant 
reduction in C.A.I. only occurred when using the equation for P. taeda. 
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FS2 Model sensitivity to the function used to calculate wood density. 
FS2a Modelling wood density as a function of stand age. 
FORESTS was run four times, for a 4.5 m planting spacing, using various 
equations (see table 3.6) to relate the density of wood produced to stand age, output 
being compared to Version 1 of the model with standard settings. Results are shown in 
figure 3.39: 
Figure 3.39  Sensitivity of the model to functions Dredicting wood density as a function of a 
compared to assuming a constant density of 0.45 g cm 3 (Version 1 with standard settings). 
Equations : 	 M Version 1 with standard settings. 
1 :Corsican pine (Rendle and Phillips, 1958) 3 : Lodgepole pine (Tayloret al, 1982) 
2: Red pine (Keith, 1969) 	 4: Douglas fir (Rendle and Phillips, 1958) 
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Except in the case of equation (1) for Corsican pine (Rendle and Phillips, 1958), 
the shape of the C.A.I. curves did not differ significantly between curves or when 
compared to using an average value of 0.45 g cm 3 (Version 1), although the magnitude 
of different curves did vary. This was despite considerable differences in wood density 
between the treatments. The greater predicted C.A.I. when using equations (2) and (3) 
resulted from lower average wood densities (wood density never even reached the 
standard average value of 0.45 g cm-3). - 
The above comparisons, between wood density as a function of age and the use of 
a constant value, were somewhat hampered because the average value of 0.45 g cm-3 
used in Version 1 of the model with standard settings was different from the average 
values resulting from using equations over the rotation period. To adequately assess the 
importance of variation in wood density as a function of stand age, it is necessary to use 
the average value generated from using that function over the rotation period. The 
following analysis used average values for the eqations for Corsican pine (Rendle and 
Phillips, 1958) and lodgepole pine (Taylor et al, 1982), the averages being calculated 
by integrating equations over the rotation period (5 to 60 years) and then dividing by the 
rotation length. Running the model with these new values for average wood density 
produced results shown in fig. 3.40: 
Figure 3.40 Sensitivity of model output to wood density as a function of stand age. 
Model output using equations (solid lines) was compared to that when a constant wood density 
was set equivalent to the average value of the equation for the period 5 to 60 years (dotted lines). 
1: Corsican pine (Rendle and Phillips, 1958) 	2 : Lodgepole pine (Tayloret al, 1982) 
1 y=l.84i*lff7 x3 +9.403*1116x2  +0.0032x+0.3599 	.............1 y=O.4654 
2 y = 8.280*10 5  x2 + 0.006437x + 0.27436 	 2 y = 0.3752 
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These show that the use of an average density figure does not produce large differences 
in model output, except in the latter stages of the rotation when C.A.I. may be 
overestimated or underestimated. 
FS2b Modelling wood density as a function of competition. 
In this section, wood density is modelled as a function of competition (as described 
in §3.5.4). Various aspects of this modelling option are investigated in order to assess 
its suitability: 
Results are compared with those produced when using a constant wood density 
of 0.45 g cm-3 , for a 4.5 m planting spacing. 
Trends in wood density and C.A.I. are investigated for a range of planting 
spacings. Differences might be expected because of different competition levels. 
(iii) The effect of variable wood density (and hence sapwood conductivity) on 
sapwood-foliage area relationships is examined. 
A) Comparison with using a constant wood density of 0.45 g cm 3 
The model was run as described above, for a 4.5 m planting spacing, and results 
were compared with those produced using Version 1 of the model. The value of SF  of 
1.2 is an estimate. Results are shown in fig. 3.41 
Figure 3.41 Predicted wood density patterns and C.A.I. by FORESTS. parameters being set as 
stated in PSET1. except that wood density is a function of competition (CTN). 
Version 1 with standard settings (wood density = 0.45 g cnT3 ) 
wood density (g cm 3 ) = (2.3023CTN + 0.3535).SF 	 spacing = 4.5 m 
CTN = individual-tree volume/growing space (n nT2) 	 SF = 1.2 
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Results show that, for a 4.5 m spacing, wood density increased throughout the 
rotation from about 0.425 g cm-3 to about 0.49 g cm-3. Although this did not produce a 
large difference in C.A.I. trends when compared to using a fixed value of 0.45 g cm -3 
throughout the rotation (Version 1), a noticeable downward trend did occur in the latter 
stages of the rotation because of increasing wood density; this could at least partly 
explain the similar decrease in C.A.I. observed in real stands. 
B) Wood density trends for different planting spacings. 
FORESTS was run five times for a range of planting spacings between 2.0 and 
10.0 m. The resulting trends of wood density and C.A.I. per hectare are shown in fig. 
3.42. In addition, the same results were used to show wood density as a function of 
planting spacing for different stand ages, in fig. 3.43. 
Figure 3.42 Predicted wood density patterns and C.A.I. by FORESTS. parameters being set as 
stated in PSET1. except that wood density is a function of competition (CTN). for five planting 
spacings, 	 planting spacings 
1:2.Om 
wood density (g cm 3 ) = (2.3023CTN + 0.3535).SF 	 2: 3.0 m 
CTN = individual-tree volume/growing space (j j2) 3 4.5 Tn 
SF=l.2 	 5;1O.Om 
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Figure 3.43 Relationship between density of wood produced and planting spacing. for a range of 
stand ages. 
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Stands planted at close spacings produced higher density wood than more widely 
spaced stands in the early stages of the rotation. Trees planted 10.0 m spacing produced 
significantly lower density wood than trees planted at narrower spacings throughout the 
rotation. Decreasing trends in C.A.I. occurred during the latter half of the rotation for 
all spacings less than or equal to 4.5 m. 
C) Effect of wood density on foliage-sapwood relationships. 
In this section, the impact of variability in sapwood conductivity (which is 
inversely related to wood density) on foliage-sapwood relationships is assessed. 
Firstly, the model was run for three planting spacings (2.0, 4.5 and 10.0 m), with 
settings as for Version 1 except that foliage area was calculated empirically from 
sapwood basal area (SA, cm2 tree 1 ), the relationship in no way being affected by 
sapwood density: 
foliage area (m2 tree- ') =0. 1375SA - 7.004 : Pinus sylvestris (Whitehead, 1978) 
The average wood density of wood produced for all three spacings grouped 
together, calculated simply by summing values for wood density produced each year 
and then dividing by the number of years, was then used to quantify parameter kwD. 
The model was then run again for the same settings, except that foliage area (FA, m 2 
tree-1 ) was inversely related to wood density as follows: 
FA = FA*kw>/AWD 
where FA* is the foliage area (m2 tree-1) predicted directly from the equation for Scots 
pine cited above 
AWD is the average wood density of the sapwood rings. 
Results are shown overleaf in figure 3.44. These show that variations in wood 
density had almost no impact on the predictions of the foliage-sapwood relationships - 
model output hardly changed. 
FS3 Model sensitivity to functions for computing crown%. 
For Version 1, a constant crown% (depth of crown as a proportion of tree height) 
was assumed. 
FS3a Crown depth set at a constant maximum value. 
The modelling option considered in this section assumes a maximum crown depth, 
CHTm  (m); if total tree height is less than this value then crown% is equal to 100%, 
otherwise crown height simply equals CHTm.  A value of CHTmax  of 12.0 m was 
selected as a sensible figure for analysis. Model output produced form an 80 year 
simulation run for a 4.5 m planting spacing is compared to results generated using 
Version 1 in fig. 3.45 on page 131. 
The results are surprising in that a decreasing trend in C.A.I. per hectare was 
generated after canopy closure. This is explained as follows. By the age of first 
thinning (51 years) the maximum crown depth of 12.0 m had already been reached. 
This meant that individual tree crowns could not expand further to fully occupy the 
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Figure 3.44 Sensitivity of model outnut to the inclusion of wood density of sanwood rings 
a factor influencing foliage-sapwood relationships. 
Settings as for version 1 except that wood density and foliage area were calculated as follows: 
FA= 0.1375SA - 7.004 .Pinus sylvestris (Whitehead, 1978) 
SA = sapwood area at breast height (cn) 	FA = foliage area (n tree 1) 
wood density (g cni 3 ) = (2.3023CTN + 0.3535).SF 	SF = 1.2 
• No effect of wood density on foliage area (PA = FA) 	FA = foliage area (n tree - 1) 
FA = FA *k  /AWD 	AWD = average wood density in sapwood (g crlf 3 ) 
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spaces left behind after removal of thinned trees. Reductions in competition for light did 
result in more light interception and increasing volume increments per tree after 
thinning, but not to the same degree as when using a constant crown% of 75% (i.e. 
increasing crown size). 
It does seem unlikely that tree crowns simply do not increase to occupy the space 
left behind by thinned individuals. In addition, the value for constant crown depth will 
clearly differ between different spacings. Therefore despite the promising output when 
using this version of the model, the approach was rejected on theoretical grounds. 
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FS3b Use of Kramer's (1966) equation with constant SCP. 
In this section, crown% was calculated using Kramer's (1966) equation (see 
§3.5.7.2) 
crown% = ACP + (100ACP).exp(0.5*( 1/SCP)*(HTMCP) 2) 
The model was run with values for ACP, MCP, SCP 1 and SCP2 of 44.9%, 1.83 
C) 
0 
stand age (years) 
in, 0.0 and 18.0 respectively (this results in a constant value of SCP of 18.0, the value 
cited by Kramer), for three planting spacings of 2.0, 4.5 and 10.0 m. Results are 
shown in fig. 3.46: 
Figure 3.46 Model response to using Kramer's (1966) equation for crown%. compared to outout 
when using Version 1 with standard settings (constant crown% of 75%). for three soacings. 
crown%=75% 	 ACP=44.9 % 
calculated from Kramer's (1966) equation. MCP = 1.83 m 
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Reductions in crown% resulted in large reductions in C.A.I. for all spacings, and 
most particularly the wider spacings, throughout much of the rotation. The considerable 
reduction in the case of the 4.5 in spacing before the age of first thinning (51 years), 
i.e. before canopy closure, is a cause for concern. Such reductions in C.A.I. are not 
expected until after canopy closure. One would not expect major reductions in crown% 
while the canopy is still in the building phase. The use of Kramer's (1966) equations 
with a constant value of SCP results in a very similar pattern of crown% decrease for 
different spacings. Clearly, this is unrealistic, because trees planted at wide spacings 
would be expected to show a slower pattern of diminishing crown%. 
FS3c Relating parameter SCP to light interception. 
The influence of light interception on SCP, and hence crown%, is quantified using 
SCP1 (see §3.5.7.2) 
SCP = (100 - RPERC)/100*SCP 1 + SCP2 
Hence, crown% decreases as the amount of light intercepted increases. This 
phenomenon was investigated for spacings of 2.0, 4.5 and 10.0 m, using values of 20 
and 10 for SCP 1 and SCP2 respectively. Results are compared with those of §FS3b 
above, and are shown in fig. 3.47. 
Figure 3.47 Effect of making SCP p function of light interception, results being compared to 
those in fig. 3,***,  for olanting spacings of 2.0. 4.5 and 10.0 m. 
SCP = 18.0 	 1: 2.0, 2 : 4.5, 3: 10.0 m spacing. 
SCP = (100RPERC)/100*SCP 1  + SCP2 	RPERC = % light intercepted 
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Results show that despite considerable variation in parameter SCP between the 
different spacings, trends in crown% and C.A.I. were very similar to that when using a 
constant value for SCP of 18.0 (as in §FS3b). 
This method has failed to produce wide variations in crown%. In addition, the use 
of such a highly empirical approach in conjunction with guess work to set necessary 
parameter values, has meant that these equations are of little predictive value, and they 
are not considered further. 
FS4 Model sensitivity to carbon nartitioning functions. 
FS4a Partitioning to maintain sapwood-foliage relationshins. 
This section aims to investigate the model performance when partitioning to foliage 
is done to maintain empirical sapwood-foliage relationships, as described in §3.5.4. All 
[] 
foliage 	[1 root 
stem 	branches/root 
For a): CPAG = 0.62 
CPbrch = 0.20 
Foliage area predicted from Whitehead (1978) 
(as in §3.***) 
stand age (years) 
analyses used the equation of Whitehead (1978) for this purpose (as in §FS1b). 
Comparison of carbon partitioning trends with Version 1 of the model. 
The model was run for a 4.5 m spacing, with parameters CPAG and CPbchea  set 
at 0.62 and 0.20 respectively. Partitioning between foliage and stem was based on the 
maintenance of constant sapwood-foliage relationships (3.5.4). Resulting partitioning 
trends are compared with those produced when using Version 1 of the model with 
standard settings (constant fractions of assimilate partitioned to different biomass 
compartments) in fig. 3.48: 
Figure 3.48 Comparison of simulated carbon partitioning patterns. using a partitioning based 
on maintenance of sapwood-foliage relationships and b Version 1 with standard settings. 
Results suggest that the value of 0.25 assigned to the constant fraction of assimilate 
partitioned to foliage in Version 1 is somewhat high. In addition, fig. 3.48a suggests 
that relatively more assimilate is required for foliage production during the building 
phase of the canopy (between stand ages 20 and 50) than at other times during the 
rotation. This effect produced a concomitant reduction in assimilate available for stem 
growth during the first half of the rotation. 
Comparison using a constant CPSTEM value of 0.35. 
The analysis done in A) above was somewhat hampered because not only were the 
carbon partitioning functions different, but so was the manner in which foliage was 
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calculated (Version 1 treats foliage as a state variable, whereas partitioning based on 
maintenance of sapwood-foliage relationships treats it as an exogenous variable). In 
order to gain an adequate comparison of carbon partitioning methods, foliage should be 
predicted in the same way, only the carbon partitioning functions being different. This 
is done in this section by the following two model runs, both of which use the equation 
of Whitehead (1978) to calculate the foliage area at each time step: 
Constant fraction 0.35 of assimilate partitioned to stem. 
Partitioning based on maintenance of sapwood-foliage relationships. 
Results are shown in fig. 3.49: 
Figure 3.49 Comparison of model output using either partitioning based on sapwood-foliage 
relationships (dotted lines) of Version 1 except foliage predictions also using sapwood-foliage 
relationships (as in US lb) 
Both runs used the following equation: y = 0. 1375x - 7.004 (Whitehead, 1978) : Pinus sylvestris 
y = foliage area (n treed), x = sapwood area (cnI tre6 1 ) 
constant fraction 0.35 partitioned to stem 
partitioning based on sapwood-foliage relationships 
139 
a) C.A.I. per hectare 
L) 
0 
stand age (years) 
The two model settings show remarkably similar output. The major difference is 
that between stand ages of 30 and 50 years a reduction in C.A.I. occurs when carbon 
partitioned to stem is based on maintenance of constant sapwood-foliage relationships, 
because of increased demand for assimilate by foliage during that period. 
C) Model output for different planting spacings. 
This model version was run three times, again calculating carbon partitioning on the 
basis of maintenance of constant sapwood-foliage relationships, for planting spacings 
of 2.0, 4.5 and 10.0m. Results are shown in fig. 3.50. 
Figure 3.50 Model output using partitioning to maintain constant sapwood-foliage relationships. 
for planting spacings of 2.0. 4.5 and 10.0 m. 
Equation used: y = 0.1375x - 7.004 (Whitehead, 1978): Pinus sylvestris 
y = foliage area (n? tree 1 ), x = sapwood area (cd tree 1 ) 
2.0m 	4.5m 	10.0m 
10 	C.A.I. per hectare 	 2000C 	b foliage per hectare 
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Foliage and C.A.I. per hectare are both predicted sensibly, although it is noticeable 
that the first thinnings for the 2.0 m stand caused a marked reduction in C.A.I. - the 
stand failed to rapidly recover from the thinning effects. 
It is interesting that, during much of the rotation, relatively more of the available 
assimilate is partitioned to foliage (and hence relatively less to stem) as spacing 
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increases (fig. 3.50c). This is explained as follows. The amount of foliage on a tree is 
simply predicted from an empirical relationship - it is independent of its light climate. 
This means that trees at wide spacing have relatively just as much foliage as trees at 
narrower spacings. However, because foliage elements are less evenly distributed over 
the ground surface than at close spacings (because of gaps between trees), the amount 
of light energy absorbed per unit foliage biomass is less at wider spacings (fig. 3.50d). 
The net result is that trees at wide spacing have to maintain a relatively high foliage 
biomass, despite the fact that light interception is less efficient, as compared to more 
closely spaced trees. This means that a higher proportion of assimilate available for 
growth is partitioned to the needles. This may be somewhat unrealistic in that needles 
which are shaded and operating with low efficiently would die. The critical factor is the 
degree to which this effect is operating. 
FS4b Relating partitioning to stem empirically to stand age. 
In this section, the carbon partitioned to stem was modelled using empirical 
functions relating it to stand age, as described in §3.5.4. Model output was compared to 
Version 1 with standard settings. Results are shown below: 
Figure 3.51 Effect of using equations relating carbon allocated to stem to stand age on model output. 
Results are compared with output with parameters as stated in PSET1. 	4.5 m spacing. 
Output with parameters set as stated in PSET1. 	 CPAG = 0.62 
1 :Pinus sylvestris (Ovington, 1957), y = 1.9822x-3.4647 (early rotation), y = 59.2534-0.1795x (late) 
2 : Pseudotsuga menziesii (Turner & Long, 1975), y = 71.3389- 0.3281 
3 : Pseudotsuga menziesii (Mohren, 1987), y = 68.074 - 0.1964x 
y = proportion of above-ground assimilate allocated to stem, x = stand age (years) 
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The various treatments had no effect on gross photosynthetic production because 
they do not influence foliage biomass or crown development in any way. However, as 
0 	40 


















stand age (years) 
a) C.A.I. per hectare 
stand age (years) 
h\CAT riPrtrP 
stand age (years) 
one would expect, C.A.I. values did change. Decreasing trends are predicted in the 
latter stages of the rotation using all treatments. Using equation (1) (fig. 3.51) produced 
much reduced volume increments in the earliest stages of the rotation as compared to 
using Version 1 (with a constant fraction of carbon allocated to stem), and to using the 
other equations. 
FS4c Relating partitioning to stem empirically to competition. 
The fraction of available carbon partitioned to stem can be related to competition, 
CTN (defined as volume/growing space), by means of parameter C 2, as described in 
§3.5.4. One might hypothesise that trees grown at closer might allocate relatively more 
assimilate to stem in order to achieve competitive advantages through height increment 
during the building phase of canopy development. To test this, the model was run 
several times for different spacings, results being compared with those produced using 
Version 1 (a constant fraction of 0.35 being allocated to stem). Results are shown in 
fig. 3.52: 
Figure 3.52 Effect of introducing competition as a factor which influences carbon partitioning to 
stem on model output for three planting spacings, 
no effect of competition (C2= 0.0) 	 1: 2.0 m spacing 
C2 5.0 	
2: 4.5 m spacing 
3: 10.0 m spacing 
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Results show an increasing fraction of available carbon being partitioned to stem in 
all spacings as the stands aged because of increasing competition levels. This caused an 
increasing trend in C.A.I. per hectare in the latter half of the rotation - quite the opposite 
of what actually occurs in nature. The competition measure being used to define carbon 
partitioning trends is clearly inappropriate because it does not reflect the competition 
between trees for light resources in the early stages of the rotation.Without quantitative 
data to parameterise this kind of approach, or even to simply further present scientific 
understanding, this method simply cannot be adopted in growth models. 
3.7 Predictive use of the model. 
In order to use the model predictively, the following steps must be undertaken: 
Decisions must be made as to which are the most suitable modelling choices to 
adopt for a base model. There are simply too many choices to realistically allow an 
investigation into all their possible combinations. 
This base model is then parameterised against a known data set, by varying 
combinations of parameter values until a suitable fit is achieved. 
Next, the model is run against an independent data set, for validation purposes. 
Finally, assuming the model has been successfully validated, it can then be 
used to investigate new situations, for example tree growth at agroforest spacings. 
3.7.1 Designing a suitable base model (Version 2). 
Two important criteria must be fulfilled when adopting a particular modelling 
option for predictive use: 
Sensitivity analysis (3.6.3.2) should show that the model performs in a 
satisfactory manner (i.e. model predictions resemble site data quantitatively and 
qualitatively) when using that option. 
The reasons for particular features of model output are theoretically sound, i.e. 
the model output must be 'correct' for sensible reasons. 
It is clear that in some cases different modelling options satisfied the above criteria 
more or less equally (although the judging procedure is somewhat subjective), resulting 
in conflict for the final decision for use in a predictive model. Selection of option 
settings is then a subjective procedure, despite the structural approach employed in the 
investigation. A major feature of the analyses so far is that few mechanisms have been 
discovered to adequately explain the decline in C.A.I. observed in the latter stages of a 
rotation. Changes in individual parameter values could not readily produce such a trend 
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in model output. It is therefore important to choose a set of modelling options which is 
likely to produce such a trend in C.A.I. 
The major modelling choices regarding the prediction of foliage biomass, wood 
density, crown% and carbon partitioned to stem are now considered in turn. A 
summary of modelling options and parameter values used in Version 2 is presented in 
appendices 8 and 9. 
A) Modelling foliage dynamics. 
It was clearly shown in §FS 1 a that the assumption of a constant foliage density 
within tree crown is invalid. The most important choice, then, is whether to treat foliage 
as a state variable, or whether to use empirical relationships equating it to sapwood area 
at breast height. Using the former approach has the major disadvantage that data are 
sparse relating to the amount of carbon partitioned to foliage, along with how this is 
likely to change with spacing and stresses such as inter-tree shading. The use of a 
constant coefficient to describe this function must entail considerable uncertainty. It 
assumes that the strengths of all the other sinks for assimilate relative to that of foliage 
remains constant. In addition, the assumption of a constant needle longevity is dubious. 
As was discussed in §3.2.5 an important feature which may influence needle mortality 
is shading. Needles in a shaded environment are likely to die because they fall below 
their photosynthetic compensation point. Because of the different shading environments 
created by trees at different spacings, needle mortality rates are likely to differ 
accordingly. 
However, an advantage of treating foliage as a state variable is that its negative 
feedback loops can control its dynamics. For example, in the event of excessively large 
amounts of assimilate being partitioned to foliage, then net assimilation in the next time 
step is likely to become reduced because of high foliage maintenance respiration costs, 
which cannot be counterbalanced by increased photosynthesis (some foliage elements 
will compete unsuccessfully for light); the reduced assimilate available for growth in the 
following time step means will probably result in a reduction in overall foliage biomass. 
In this manner, it can be seen that the foliage biomass becomes regulated by its own 
environment, and hence might respond in a realistic fashion to the various light 
environments created by planting tree stands at different spacings. 
On the other hand, the use of empirical relationships between foliage and sapwood 
has the advantage that real known data is being used directly to parameterise this 
important part of the model. However, it has the following disadvantages: 
(i) The relationships are dependent on an accurate knowledge of sapwood area. 
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During the latter stages of the rotation the model is particularly sensitive to parameter 
S, the sapwood longevity parameter. Reliable quantitative data are not available for 
this parameter. However, it was shown in §FS lb that C.A.I. was relatively 
uninfluenced by this phenomenon. In addition, the assumption of a constant sapwood 
longevity is open to question. Growth modellers (e.g. Mkelä, 1986) using 
foliage-sapwood relationships tend to work on the assumption that it is always the 
sapwood area in a tree that will control the foliage biomass, and not vice versa. In the 
early years of a rotation, when more or less the entire bole is composed of sapwood, it 
is likely that sapwood may indeed limit foliage biomass through its ability to transport 
water and nutrients in the xylem. Later in the rotation, however, the sapwood biomass 
may be limited by foliage in that if there is insufficient activity in xylem vessels 
accruing from foliage demand then the sapwood may die. Although not easy to 
substantiate, it can therefore be hypothesised that the use of sapwood-foliage 
relationships is only likely to be reliable in the early years of the rotation, while the 
canopy is still expanding. 
(ii) These relationships have been shown to vary with wood conductivity (the 
inverse of wood density). Section §FS2b did, however, show this to be a relatively 
minor effect. 
On balance, empirical sapwood-foliage relationships were selected for Version 2 
because they represent real field data, and because they are likely to be fairly accurate in 
the early years of the rotation (when more or less the entire bole is sapwood). 
B) Modelling wood density. 
Simulating wood density by using either empirical equations relating it to age or by 
simply assuming a constant wood density over an entire rotation produced very similar 
C.A.I. trends (FS2a). Average wood density values do, however, vary considerably 
between species, as do patterns of wood density; it is unfortunate that a good data set 
could not be found for Scots pine. 
When modelled as a function of competition, wood density is predicted to increase 
as stands age (FS2b). Indeed, this increase in density might at least partly explain the 
declining C.A.I. in the latter stages of a rotation. Most importantly, markedly different 
wood density patterns were predicted in trees growing at different spacings. This 
suggests that the use of a single average value for all spacings is likely to be inadequate. 
For version 2, wood density was therefore made a function of competition. 
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Simulation crown dynamics. 
The assumption of a fixed maximum crown height was inadequate because trees 
could not then respond to the removal of surrounding individuals by expanding their 
crowns, as occurs after thinning. On the other hand, the use of a constant crown% has 
the disadvantage that crown% will not differ between different spacings, but it does 
result in a progressively increasing crown size as might be expected in a plantation 
which is regularly thinned after canopy closure. 
Other attempts to solve this problem made crown% either a function of tree height 
or light regime. Considering the former approach, the use of Kramer's (1966) equation 
with a set value of parameter SCP of 18.0 produced predictions of a rapidly declining 
crown% for stands planted at various spacings, the rate being very similar for each. 
This is unrealistic because the decline in crown% results from lower branches becoming 
heavily shaded, and this will vary considerably between trees at different spacings and 
with different crown dimensions. 
Attempts to make parameter SCP a function of light interception (using parameters 
SCP 1 and SCP2) were largely unsuccessful because of lack of data and inadequate 
theoretical equations. The sheer guess work involved in attempting this method makes 
its predictive reliability of very limited value. 
Although far from ideal, a constant crown% was assumed for Version 2 because 
other alternatives appear even less useful. 
Modelling carbon partitioning to stem. 
Using a partitioning function to maintain sapwood-foliage relationships did suggest 
that increased amounts of carbon partitioned to foliage occur while the canopy is 
developing; during this period decreased amounts were partitioned to stem and a 
decreased C.A.I. resulted. However, this approach has several points of uncertainty: 
It assumes that an increase in partitioning to foliage automatically causes a 
decrease in that to stem, because partitioning to roots and branches remains constant. In 
reality, increased foliage growth may result in increased amounts of assimilate being 
partitioned to branches, for support, or to roots, to supply their nutritional 
requirements. 
It resulted in relatively more assimilate being partitioned to foliage, and hence 
less to stem, at wide spacings because the foliage of trees at wider spacings was 
relatively less efficient at absorbing light energy. Unfortunately there is a lack of field 
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The use of empirical equations relating partitioning to stand age has the major 
advantage that 'real' data are being used, i.e. it is known to happen in reality and is not 
simply based on theoretical grounds. In addition, it at least partly explains the decrease 
in C.A.I. observed in reality. The disadvantages of using this approach are, however: 
Lack of data. 
It is dangerous to assume that these relationships remain valid for different 
spacings and silvicultural treatments. 
Because of the necessity to derive a model which adequately describes the declining 
C.A.I. in the latter stages of a rotation, it was decided to adopt the use of the empirical 
equations relating C.A.I. to stand age for Version 2. 
3.7.2. Version 2 : a preliminary examination. 
The aim of this section is simply to assess whether Version 2 of the model is 
behaving in a sensible manner, before proceeding to parameterise it. The model was run 
three times, with parameters set as stated by PSET2, for planting spacings of 2.0, 4.5 
and 10.0 m. Results are shown below in fig. 3.53: 
Figure 3.53 Performance of Version 2 of the model. with parameters set as stated by PSET2. and 
for three planting spacings. 
2.0m 	4.5m 	10.0m 
a) C.A.I. Mr hectare 	 b)C.A.I.pertree 
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Output is clearly sensible. Volume increment per tree increases as spacing between 
trees widens. C.A.I. per hectare shows a slight decreasing trend for the two narrower 
spacings during the latter stages of the rotation. 
3.7.3. Parameterisation of Version 2. 
Having decided on the modelling options for Version 2, it can now be 
parameterised by comparing the goodness of fit of model output for a wide range of 
parameter value combinations against a known data set. There are too many parameters 
to make an analysis with all included feasible (the number of parameter value 
combinations increases exponentially as the number of parameters increases linearly). 
Decisions on which parameters to vary in such an analysis depend on both the 
sensitivity of model output to them (only sensitive parameters should be used), and the 
degree of certainty with which their values are known (only parameter whose values are 
known with little certainty should be used). 
The data selected for parameterisation purposes was for Scots pine Yield Class 10, 
for spacings of 2.5 and 3.0m. Once parameterisation was complete this then allowed 
validation against data for closer (2.Om) and wider (4.5m) spacings. 
In all, seven parameters were chosen, the remainder being set as stated in PSET2. 
In addition, two different carbon partitioning equations were tested in the 
parameterisation procedure. Ranges for parameter values used in the analyses are 
shown in table 3.10: 
Table 3.10 Iteration ranges for narameterisation of Version 2fFORESTS 
parameter value in PSEr2 range for parameterisation 







0.58 k kg yr -1 
0.81.2 1.6,2.0 
0.1:0.2,03 ....., 0.7 
Msap 0.021 	kg kg -'r -1 o.øi, 0.2, 0.03..., 0.07 
s5 15 years 11,15,19 
Carbon partitioned to stem - either: 
1) y = 1.9822x - 3.4647 (early rotation); y = 59.2534 - 0.1790x (late) : Ovington (1957)2 
y = 71.3389 - 0.328 lx: (Turner and Long, 1975) y = carbon partitioned to stem (fractioi 
above-ground assimilate), x = stand age (years) 
It is realised that some of the parameter values included in these ranges may be 
somewhat unrealistic. However, analyses so far have shown how difficult it is to 
qualitatively simulate the shape of a C.A.I. curve, and therefore it was not considered 
unreasonable to use wide parameter ranges. 
It is readily obvious that a massive number of different parameter value 
combinations is being tried - 169344 to be exact - and each combination had to be run 
separately for both 2.5 and 3.Om planting spacings. 
The method used for calculating best fit was to minimise: 
iM1 
149 
,N 	CVOL1 - CVOLj \2 
difference between observed and predicted => 
1 	 CVOL1 	) 
where CVOL is the cumulative volume stated by data point i in Forestry Commission 
Yield Tables. 
CVOLpred  is the cumulative volume for the corresponding year as predicted by 
the model. 
N is the number of data points used (includes both those for 2.5 and 3.0 m 
spacings). 
For all the possible combinations of parameter values, the computer then calculated 
that combination which minimises the above function. For reference purposes, this 
parameterisation shall be termed 'Parameterisation 1'. 
The best fit set of parameter values is tabulated below (for reference purposes these 
shall henceforth be referred to as PSET3): 
Table 3.11 Best fit parameter values for 2.5 and 3.0 m spacings. Scots pine Yield Class 10. 
aeff = 2.00 kg CH2O GJ 1 	SF = 0.80 	 5, apF= 11 years 
A apex = 15° 	 M f01 = 0.600 kg kg 1 yr -1 
crown% = 100% 	 Msap= 0.030 kg kgyr 1 
carbon partitioned to stem in accordance with equations derived from Ovington (1957) 
Model output corresponding to this set of data values is depicted graphically in fig. 
3.54 overleaf. 
Figure 3.54a shows that the goodness of fit is apparently very good. However, the 
fact that the predicted growth lines for the two spacings are almost identical is cause for 
concern - it suggests that the selected parameter values are insensitive to spacing. The 
gradual decline in C.A.I. after 30 years can be attributed to carbon partitioning patterns 
and increasing wood density. 
It is noticeable that C.A.I. in general was considerably greater than when using the 
model with parameter settings as stated by PSET1 and PSET2. This could be largely 
attributed to low wood density (fig. 3.54c), which was caused by a value of parameter 
SF of 0.80. It is interesting that parameters such as cteff, Mf01 and Msap all achieved 
optimal values close to their values set in PSET2 (i.e. similar values to those found in 
the literature). 
Figure 3.54 Model output corresponding to optimised parameter values for Version 2 of FORESTS. 
compared to Forestry Commission data for 2.5 and 3.0 m spacings. 
— 
model predictions: 	
1 2.5 m spacing 	Forestry Commission: • 2.5 m 
	
—2 3.0 m spacing 0 3.0 m 
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3.7.4 Testing FORESTS against an indenendent data set. 
To test FORESTS, with parameters set as stated by PSET3 (optimised parameters), 
the model was run for 2.0 and 4.5 m spacings, for Scots pine, Yield Class 10. 
Predicted cumulative volumes could then be directly compared with data tabulated in 
Forestry Commission Yield Tables. Results are shown in fig. 3.55 overleaf. 
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Figure 3.55 Predicted cumulative volume for 2.0 and 4.5 m spacings. Scots pine Yield Class 10. 
using optimised parameter values. 
—1 2.0 m spacing 	 • 2.0 m model predictions: 	 Forestry Commission: 
—2 4.5 m spacing 0 4.5 m 
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Clearly, the model predictions for 2.0 and 4.5 m are very poor. It can be seen that 
the optimised parameter settings (PSET3) produce predictions which are relatively 
insensitive to planting spacing. 
3.7.5 A further test of FORESTS. 
To investigate Version 2 further, the model was used to discover whether any 
combination of parameter values could adequately simulate growth for a wide range of 
spacings. To do this the parameterisation procedure described in §3.7.3 was repeated, 
except that the data used for fitting purposes was for spacings of 2.0, 3.0 and 4.5m, 
again for Scots pine Yield Class 10. The use of such a wide range of spacings for the 
parameterisation means that suitable data for validation no longer exists. Parameter 
ranges used were once again as described in table 3.10, except that the range for Xeff 
was between 1.5 and 3.0 kg CH20 GJ4 . For reference purposes, this parameterisation 
shall be deemed 'Parameterisation 2". Best fit parameter values, which shall henceforth 
be deemed "PSET4", are tabulated in table 3.12: 





stand age (years) 
Table 3.12 Best fit parameter values for 2.0. 3.0 and 4.5 m spacings. Scots pine Yield Class 10. 
aeff = 2.50 kg CH2O GJ -1 	SF = 0.80 	 Ssap = 19 years 
A apex = 10° 	 Mf01 =0.100kgkg4 yr 
crown% = 50% 	 M sap= 0.020 kg kgyr 1 
carbon partitioned to stem in accordance with equations derived from Ovington (1957) 
The resulting model output corresponding to these parameter values is as shown in 
fig. 3.56: 
Figure 3.56 Model output using optimised parameter values, for 2.0. 3.0 and 4.5 m spacings 
(Scots pine. Yield Class 10). 
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Parameterisation 2 suggests that the model does have enough plasticity in its 
assumptions and parameter ranges to adequately describe the variation observed in 
reality. With parameters set as stated in PSET4, has FORESTS then been successfully 
parameterised for prediction of tree growth at agroforest spacings? Several reasons are 
evident to doubt the adequacy of these parameter values, as well as the set of modelling 
assumptions that was used to generate the output shown in fig. 3.56: 
Parameterisation 2 involved testing many thousands of parameter value 
combinations. A large degree of flexibility is created by using as many as eight 
parameters for this procedure. In view of these two factors, perhaps it is not surprising 
that some sort of reasonable fit to the data was achieved. 
As stated in §3.1, not only must the prediction be good, but the fundamental 
reasons for it must also be sound. As for the previous parameterisation (3.7.3), 
C.A.I. values in the required range have largely been achieved because of low wood 
density predictions. Values this low (in the range 0.28 to 0.35 g cm-3) are unlikely to 
occur in reality (e.g. compare with fig. 3.3), especially for slow-growing trees like 
Scots pines. In addition, the optimised value of Mf01 is very low compared to the value 
stated in PSET2 (which comes directly from the literature). 
Parameter values which have a large impact on the rate of canopy development 
(crown% and apex angle, Aapex)  differed considerably to those produced by 
Parameterisation 1. Parameterisation 2 produced values which maximised the effects of 
spacing, by having small (low crown%), narrow (small Aax)  crowns. 
No validation has been done, nor can it adequately be done, because the 
spacings used for Parameterisation 2 encompass the widest known data for British 
stands. 
It is clear that much of the uncertainty associated with model predictions is 
associated with lack of knowledge, and hence an inadequate modelling approach (e.g. 
he coarse assumptions of a constant crown% and constant apex angle for different 
spacing treatments and different stand ages). 
It was decided that the fit was not close enough (and in addition had not been 
validated to any degree), and the reasons for that fit (parameter values and modelling 
choices) were not good enough, to warrant using the model further to investigate the 
growth of stands planted at spacings wider than 4.5m. It is tempting to run the model 
for trees grown at agroforest spacings, both to predict volume production of the trees, 
and also pasture production beneath them by linking with the pasture model (chapter 4). 
This temptation should be resisted for two main reasons: 
Predictions of volume increment and tree growth are apparently reasonable, but 
in fact their reliability is in serious doubt, as discussed above. 
Light interception has been demonstrated to be particularly sensitive to crown 
dimensions. Crown dimensions were particularly unreliably predicted in FORESTS, 
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and therefore a link to predict pasture growth as a function of light arriving at pasture 
level is likely to be unsuccessful. 
FORESTS has highlighted the complexities associated with a mechanistic treatment 
of modelling forest growth. It is clear that various parts of the model could not be 
adequately parameterised or modelled, because of a lack of necessary data and scientific 
knowledge. 
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The aim is to develop and implement a flexible predictive model for pasture 
growing in the environment beneath agroforest trees. The model is designed to allow 
investigation into the importance of different environmental factors influencing pasture 
growth in agroforests, as well as the physiological relationships associated with these 
factors, and produce quantitative predictions for pasture growth beneath trees. 
4.1 Introduction. 
In order to model pasture growth, an understanding of the following aspects is 
necessary: 
The amount of light energy intercepted. 
The efficiency of energy utilisation, as affected by environmental variables, and 
the properties of the intercepting tissue. 
Assimilate usage to meet respiration needs. 
Carbon partitioning between plant organs. 
Senescence and death of living material. 
Several different environmental variables may influence pasture growth to varying 
degrees. Light, as the energy source, may be regarded as the major controlling factor, 
provided water and nutrients are adequate (Cooper, 1970; Sheehy and Cooper, 1973). 
Indeed, Monteith (1981) describes light as the "determinant" of production. However, 
both temperature (Weihing, 1963) and water availability (Thomas, 1986) have also 
been shown to have significant influence. In the hills and uplands of Scotland, 
Newbould (1979, 1981) considered temperature to be the prime growth-regulating 
factor. 
Bearing in mind this multitude of environmental variables, one can then consider 
how the agroforest situation creates a microclimate for pasture which may be quite 
different from that of open-grown: 
The tree canopy will form a patchy light environment at pasture level. The bright 
and dark patches will not be static, but will move according to the sun's zenith and 
azimuth angles. 
Reduced radiation loads caused by shading will lower temperatures near ground 
level. 
Shelter afforded by trees will protect pasture from desiccating winds, thereby 
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alleviating water stress. Temperatures at ground level are likely to be increased, 
compensating for a possible decrease resulting from shading. 
(iv) There may be competition between trees and pasture for water and nutrients. 
The influence of environmental variables on aspects of growth listed at the beginning of 
this section is assessed in a literature review (4.2). It is important to realise that as well 
as directly affecting the physiological workings of pasture, environment may cause 
longer-term adaptation (e.g. in response to continuous shading), and any modelling 
strategy must take account of this. 
The modelling approach adopted must tackle problems of disaggregation associated 
with the agroforest situation, created by both temporal and spatial heterogeneity of 
environmental variables. One area of study in this chapter is the degree to which this 
disaggregation can be simplified in the modelling, e.g. by assuming uniform shading 
rather than heterogeneous shading, without seriously impairing the predictive ability of 
the model. 
4.2 Pasture growth : literature review of controlling factors. 
The processes controlling growth listed in §4.1 are now examined in turn, except 
for senescence and mortality which has already been adequately covered in §3.2.5. 
4.2.1_Light interception. 
The amount of light intercepted by pasture is a function of leaf tissue biomass, its 
structure, and the light intensity impinging on the crop. The light intercepting capacity 
of the leaves is determined by their shape and orientation relative to the angle of 
incidence of light, and their ability to transmit light (Brougham, 1960). The rate at 
which a crop absorbs radiation, equivalent to the transmission coefficient, k, in Beers 
Law, depends strongly on leaf arrangement (Cooper, 1970). Reflection increases with 
angle of incidence, while transmission tends to decrease (Sheehy and Cooper, 1973). 
Forage yields have been demonstrated to decrease with increasing shading (Burton 
et a!, 1959; Bean, 1964; Mitchell, 1955). Blackman and Black (1959) found a positive 
linear relationship between plant relative growth rate and the logarithm of light intensity. 
On the other hand, some workers (Vartha, 1973; Thomas and Davies, 1978) have 
shown that a reduction in light intensity of up to 50% had little effect on the above-
ground growth of pasture. 
Pasture is not a uniform mass, but commonly consists of a mixture of different 
species, which compete for environmental resources such as light. This competition is 
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particularly important regarding the establishment of clover (Trjfolium spp.) in a sward. 
This declines if grass is allowed to grow rank, because it is overtopped and shaded. 
4.2.2 The efficiency of energy utilisation. 
The photosynthetic output of a sward depends not only on the amount of light 
absorbed, but also on the efficiency with which light is utilised. Indeed, under certain 
conditions (discussed below), light may become insignificant if another factor limits 
growth. 
It may not be adequate to assume that grass growth is simply proportional to the 
amount of light absorbed because of the nonlinear shape of a typical photosynthetic 
light response curve. For example, Robson (1973) observed that at increasingly greater 
light intensities swards of perennial ryegrass (Lolium perenne) grew less efficiently. 
Erect leaves generally have a greater efficiency of light utilisation than horizontal leaves, 
because they are less easily saturated with light (for typical sun zenith angles). 
Similarly, the reproductive crop efficiently utilises light because of stem elongation 
which allows much energy to penetrate to the lower parts of the crop (Woledge, 1978). 
The photosynthetic efficiency of a canopy changes as it ages. Foliage which is 
initially erect often becomes prostrate with age (Monteith, 1981). The apparent 
photosynthesis of leaves in a sward declines as they age (Jewiss and Woledge, 1967; 
Woledge and Jewiss, 1969; Davidson eta!, 1981), although it is unclear as to whether 
these changes are an intrinsic ageing effect or simply a result of leaves becoming 
progressively shaded and prostrate (Woledge, 1973; Woledge and Leafe, 1976). 
Temperature, water stress and nutrients have direct limiting effects on growth, as 
well as indirect effects on photosynthetic efficiency. Temperature directly affects rates 
of cell expansion and division (Davidson and Milthorpe, 1965). It also influences 
photosynthesis by limiting light-saturated photosynthetic rate (e.g. see Johnson and 
Thornley, 1984). Most hill grasses commence active growth when soil temperatures are 
above approximately 5°C (Grant and Campbell, 1978), with most  temperate forage 
grasses having temperature optima in the range 20 to 25°C (Cooper, 1970). It has been 
shown that there is a wide temperature range about this optimum for which the effect of 
temperature on grass growth is relatively small (Davidson and Milthorpe, 1965). In 
contrast, Sprague (1943) considers that the optimum growth temperature of forage 
species varies considerably. Those species in a given mixture which have the lowest 
temperature optima start growth earliest in the spring, thereby gaining access to what 
may become limiting nutrients. Leguminous plants tend to have higher temperature 
optima and are therefore at a disadvantage in this respect. 
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Pasture production may be considerably reduced by water stress (Bennett and Ross 
1963; Bartels, 1966; Norris, 1982). Woledge and Parsons (1986) reduced the gross 
photosynthesis of ryegrass by 20% by increasing water vapour saturation deficit from 
4.6 to 9.2 g m 3. Alcock and Al-Juboury (198 1) observed that the accumulated dry 
matter of tall fescue was linearly and negatively related to a decrease in water potential. 
Water stress, caused either by lack of water in the soil of by dry air, may have any 
of several effects: 
It may lower plant internal moisture status to a level at which stomatal closure 
takes place (Marshall, 1967). 
Leaf extension rate is negatively related to soil water deficit (Thomas and 
Davies, 1978; King and Bush, 1985). 
Roy and Hough (1978) consider that the major constraint to grass production 
in Britain occurs when the combination of soil moisture and current rainfall during the 
summer half of the year is not enough to ensure that a sufficient supply of nutrients, 
especially nitrogen, is available to the plant. 
Wind may indirectly induce water stress. Russell and Grace (1978) studied the 
growth of perennial ryegrass and tall fescue (Festuca arundinacea) in a 
controlled-environment wind tunnel. The relative growth rate of the entire plant, of the 
above-ground parts, and of the leaf area all tended to decline with increasing wind 
speed. There was a strong negative correlation between the final leaf area ratio and 
windspeed. Wind may cause a decline in turgor of the epidermal and guard cells due to 
cell rupture. 
An excess of soil water impairs root aeration and hence reduces root functioning. 
In the case of hill soils, nutrients are largely present in organic form and become 
available only through mineralisation which is slow under conditions of strong acidity 
and low temperature (Floate, 1977). It has been established (Munro and Davies, 1974) 
that acute deficiency of available nitrogen is the major soil factor limiting the current 
productivity of sown pastures in the uplands of Wales. A marked improvement in plant 
growth would therefore be expected in response to fertilisation. 
4.2.3 Respiration costs. 
It has been found that maintenance respiration is not closely correlated with the dry 
weight of the crop (Robson, 1973; Jones et a!, 1978), but is more closely related with 
protein content (Jones et a!, 1978). This suggests that enzyme activity is the most 
important factor in determining respiration rates. 
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Temperature affects respiration in grassland crops, which typically have a Q10 in 
the range 2 to 3 (Marshall, 1967). Geronimo and Beevers (1964) observed that pea 
(Pisum sativum) respiration rates declined with age, and related this to striking 
decreased in mitochondrial activity. High temperatures accelerated this condition. 
4.2.4 Carbon partitioning. 
A low proportion of assimilate may be partitioned to roots. For example, Parsons 
and Robson (1981), when studying Lolium perenne, observed that root partition never 
exceeded 0.25, and in swards that were long-established, 0.15. This was attributed to 
roots having a longer active life than leafy shoots, i.e. root has a much slower turnover 
rate. 
Different plant parts compete for assimilate. Shading induces a reduction in the 
relative amount of assimilate partitioned to below-ground parts (Kamel, 1959; Vartha, 
1973; Thomas and Davies, 1978; Parsons and Robson, 1981). This lower priority for 
root growth under shaded conditions has been associated with low photosynthetic 
uptake and low water-soluble carbohydrate levels in the plant (Parsons and Robson, 
1981). Under conditions of shading herbage production is generally maintained at the 
expense of other plant parts, which have a lower priority for assimilate. 
The tillers of a plant form a hierarchy of sinks in which competition for assimilate 
increases as the sward becomes established (Colvill and Marshall, 1984). During 
reproduction the flowering tillers become dominant and their stems form the major sink 
for assimilate produced by the leaves. 
Deinum (1976) has hypothesised that photosynthetic rate may be limited by sink 
strength. He attributed the high photosynthetic rate of a reproductive crop to a large 
demand for assimilate in the elongating stem and the growing inflorescence. 
4.2.5 Physiological adaptation to environment. 
The most important feature of the agroforest system which is likely to induce 
physiological adaptation in pasture, as compared to the open-grown situation, is 
shading by the tree canopy. Various effects are of importance: 
Shade induces a reduction in the relative amount of assimilate partitioned to 
below-ground parts (4.2.4). 
Specific leaf area (area/weight) has been shown to increase as light intensity 
decreases (Bean, 1964; Thomas and Davies, 1978). 
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Shading may encourage height growth in plants. Watkins (1940) shaded 
bromegrass (Bromus inermis) to about 0.08 daylight and observed that, despite a 
decreased weight, the shaded plants were significantly taller and might be judged on 
visual inspection to grow better. 
Fewer tillers are produced in shaded conditions (Parsons et a!, 1984). 
Leaves subjected to shade tend to show reduced photosynthetic capacities 
(Woledge 1978). Wilson and Cooper (1969) give two alternative explanations for this 
difference, for Lolium leaves: 
Leaves developed in weak light could have lower activity of the carboxylating 
enzyme, carboxydismutase, than those from strong light. 
Stomatal resistance is much greater in leaves grown in weak light. 
Hirose and Werger (1987a,b) showed a linear relationship between the nitrogen 
content of Solidago altissima leaves and the photon flux density to which they were 
exposed: 
Figure 4.1 Graph relating nitrogen content of Solidago leaves to the photon flux density 
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At low light intensities one might therefore expect leaves to have fewer 
carboxylating enzymes (which have a high maintenance respiration cost). The 
implication is that leaves exposed to different radiation environments will adapt such 
that they have quite different photosynthetic light response curves. In addition, reduced 
nitrogen levels in leaves of shaded environments may place a reduced stress on the root 
systems of such plants, and more assimilate may be partitioned to growth above-
ground. 
Burton eta! (1959) showed the effect of shade to be more severe on grass growth 
at high soil nitrogen levels, suggesting that nitrogen-rich enzymes are important in 
determining the light-saturated rate of photosynthesis. 
4.3 Modelling pasture growth : examples from the literature. 
The modelling approach employed should consider the following: 
The need to simulate processes mechanistically to provide a flexible model. 
The level of knowledge known about given processes. 
The reliability of relevant data bases. 
The driving environmental variable in most pasture-growth models is light. The 
problems here are: 
To predict the amount of light energy intercepted by a canopy. 
To determine the efficiency of utilisation of absorbed energy. 
Disaggregation problems associated with heterogeneity of light environment 
and a nonlinear photosynthetic light response curve. 
The amount of radiation intercepted is often predicted using Beer's Law (e.g. 
McMurtrie and Wolf, 1983; Johnson and Thomley, 1983). An alternative approach is 
applied by Monteith (1965) who describes canopy architecture by a simple mathematical 
function, s, which specifies the average orientation and arrangement of leaves of a 
canopy layer of unit leaf area index, and represents the light passing through the layer 
without interception. Some models, e.g. McMurtrie and Wolf (1983) then simply 
assume that the amount of assimilate produced is linearly related to the radiation 
absorbed. This has been observed in experiments - for example Davies (197 1) showed 
an approximately linear relationship between crop growth rate of above-ground parts 
and light intercepted for perennial ryegrass. Margadant (1950) found that the growth of 
L. perenne was linearly related to the integration of light intensity and daylength. 
However, a curvilinear relationship has been described by Parsons et al (1983). 
The non-linear shape of the photosynthetic light response has been simulated in a 
number of models (e.g. Woledge and Leafe, 1976; Sheehy et al, 1979) by the use of a 
rectangular hyperbola of the following form: 
P = (a-i-b/I) 1 
where P is the photosynthetic rate, I is the light intensity at the leaf surface, a is the 
reciprocal of the photosynthetic rate at infinite light intensity, and b is the reciprocal of 
the initial slope of the response curve. 
Canopy architecture has been characterised by a simple parameter, S, which reflects 
the degree of erectness or prostrateness of the sward and its light interception 
characteristics (Robson, 1973; Woledge and Leafe, 1976). An example of a more 
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complex model of canopy architecture is provided by de Wit (1965), which considers 
the optical properties of the canopy and individual leaves, the solar coordinates, and the 
resistance against transfer of CO 2 from the bulk air of the canopy. 
Leaf area is often treated as a dependent variable, being calculated from the dry 
weight of the crop (e.g. Charles-Edwards and Acock, 1977). Johnson and Thornley 
(1983), however, treat leaf area as an independent variable, influenced by an assumed 
storage pool. 
Some models, e.g. that of Johnson and Parsons (1985a) split the pasture into 
different age classes, but many do not. 
Temperature is often assumed to have a minor, if any, effect in grass growth 
models. In the model of Johnson and Thornley (1983) temperature affects the 
maximum photosynthetic rate of leaves, respiration parameters, and the rate of 
senescence. Water and nutrients are commonly assumed not to be limiting (e.g. 
Johnson and Thornley, 1983). 
The partitioning of assimilate between root and shoot is an area of considerable 
uncertainty in pasture-growth modelling, and is frequently dealt with in a highly 
empirical manner. Very often the effect of environmental variables on this process are 
not taken into account. Some modellers simply use a set partitioning coefficient with 
remains constant throughout the model's duration (e.g. McMurtrie and Wolf, 1983; 
Johnson and Thomley, 1983). Sheehy et a! (1979) attempted to solve this problem by 
varying the partitioning coefficients over time, but not in accordance with any 
environmental variables or the physiological status of the plant. Thomley (1972) has 
attempted a more mechanistic partitioning model, where the processes of utilisation and 
translocation are derived with phenomenonological equations. The rate of substrate 
transport was predicted from its concentration gradient and a resistance. However, a 
lack of quantitative data to parameterise such models will make this type of model 
vulnerable to considerable predictive error. 
Maintenance respiration is often assumed to be directly proportional to plant weight 
or leaf area (Johnson and Thornley, 1983; McMurtrie and Wolf, 1983). Synthetic 
respiration is usually simply incorporated into the response curve of net photosynthesis 
to irradiance. It may be possible to assume that about 30% of gross photosynthesis is 
used in respiration without incurring excessive errors (Sheehy and Cooper 1973). 
Very little is present in the literature on rates of mortality and litterfall. Simple 
constant rates are often used to quantify these processes. 
In general models have not included the effects of water and nutrient on growth 
(e.g. Johnson and Thornley, 1973; Johnson and Parsons, 1985a), by assuming that 
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these variables are non-limiting to growth. This is largely because of a lack of data and 
knowledge on the detailed physiological processes related to these variables. 
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4.4.1 Introduction. 
A mechanistic model of grass growth, GRAS SGROW, has been designed and 
implemented, the basic structure being based on the models of Johnson and Thomley 
(1983) and Johnson and Parsons (1985a,b). These models were designed to simulate 
open-grown pasture growth, and therefore some deficiencies relating to the agroforest 
situation must be overcome. GRAS SGROW has been designed specifically to simulate 
the impact of the agroforest environment on the growth rate and standing biomass of 
pasture, and hence the availability of forage to the grazing animal. 
Major features of the model, which distinguish it from other pasture growth 
models, are: 
The inclusion of nitrogen dynamics. Different light environments may induce 
different carboxylase (nitrogen) concentrations in leaf tissue (4.2.5), which will affect 
the saturated rate of photosynthesis and respiration costs. Demand for nitrogen is likely 
to influence the growth of the root system - this is also included in the model. Although 
the model was not used specifically to test the impact of fertilisation on growth, the 
inclusion of nitrogen dynamics makes this possible. 
Empirical relationships were used to relate specific leaf area and shoot:root 
partitioning to the light environment which leaves grow in. 
The model links with a climate submodel (3.5.3) which generates output on 
an hourly basis. 
The model is capable of being linked with the light interception routines of the 
tree model described in chapter 3. The spatial and temporal disaggregation of 
environmental variables can then be simulated, and compared to similar simulations 
based on average values. 
As for FORESTS, the model has been designed to allow the user to choose 
between different alternatives for different aspects of pasture growth. Thus the model is 
in fact a modelling framework allowing the user to assess which modelling choices are 
most suitable for simulating pasture growth in the agroforest situation. 
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4.4.2 Model description. 
The model has been designed to be sensitive to light and temperature. The model 
considers light not only as the energy source for photosynthesis, but also incorporates 
physiological adaptation of leaves to their particular light environment. The following 
aspects of this adaptation are included: 
Shading induces leaves with high specific leaf area. 
Low light levels induce a reduction in the carboxylase enzyme (nitrogen) 
content of leaves, resulting in both reduced saturated rates of photosynthesis, and lower 
maintenance respiration costs. It is hypothesised here that plant leaves will develop a 
nitrogen concentration in their leaves which adapts them optimally to their light 
environment, minimising both light-saturation of the photosynthetic machinery and 
respiration costs. For this purpose, nitrogen dynamics have been incorporated into the 
model. Leaf nitrogen is treated as an independent state variable, i.e. it is not inflexibly 
related to biomass. 
Low light intensities increase the shoot:root partitioning ratio. It is 
hypothesised that this may be caused by a reduction in the relative demand (on the root 
system) for nitrogen (carboxylating enzymes). The incorporation of nitrogen dynamics 
permitted the testing of a mechanistic shoot:root partitioning function. 
Regarding light interception and growth, a crucial selection is whether to use a 
linear or a non-rectangular hyperbolic response function. To use a fixed non-rectangular 
hyperbola for all leaves within the sward (e.g. Johnson and Parsons 1985a) implies no 
physiological adaptation to light climate. On the other hand, the use of a linear response 
function implies that light saturation of the photosynthetic tissue never occurs, i.e. that 
it has become perfectly adapted to its environment. One of the major questions to be 
examined in this chapter is, for the agroforest situation, which of these responses is 
likely to be more reliable for simpler (more empirical) versions of the model which 
include carbon but not nitrogen dynamics (i.e. versions which do not consider 
physiological adaptation of leaves to their environment). 
Temperature affects parameters relating to growth, respiration and turnover; these 
parameters determine, to a large degree, the biomass of light-intercepting tissue and the 
efficiency with which it utilises light energy. The use of different functions relating 
parameter values to temperature will be examined. 
Water is assumed to be non-limiting; while it is realised that during periods of 
drought pasture growing in agroforests may experience water stress and hence a 
reduction in growth, and that some competition may occur between trees and pasture 
for this resource, the shaded environment may compensate for these effects to a large 
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degree. 
Nutrients are assumed to be non-limiting, except for nitrogen. The rate of uptake of 
this element is assumed to depend on the root biomass and a rate coefficient, the value 
of which is a function of the nitrogen concentration in the soil. A deficiency of nitrogen 
may limit pasture growth in the model. 
Pasture was assumed to be composed of a homogeneous medium of plants, all with the 
same photosynthetic, respiratory and growth parameters. 
A flow diagram of model GRASSGROW is illustrated overleaf in figure 4.2. Important 
points to notice are: 
Total plant dry matter is divided into structure and storage. The former 
comprises leaves, stems and root; the latter is subdivided into carbon and nitrogen 
pools, as was done by Reynolds and Thomley (1982). 
Leaves and stems are subdivided into four age classes, representing newly 
growing leaves and three classes of fully expanded leaves (Johnson and Parsons, 
1985a). This corresponds to the observation that, for Lolium, on average each grass 
tiller has three live fully expanded leaves (Johnson and Parsons, 1985a). 
Leaf carbon, leaf nitrogen and leaf area index are treated as separate state 
variables, i.e. leaf area index and leaf nitrogen content are not inflexibly related to leaf 
biomass. 
The nitrogen concentrations within stem and root are assumed to remain 
constant and therefore biomass for each of these is treated as a single compartment in 
the model. 
Both nitrogen and carbon are required for structural growth (i.e. as inputs to the 
youngest leaves). 
Nitrogen may be translocated, via the nitrogen storage pool, to and from leaves 
of all ages. 
Grazing depletes leaf and storage biomass only - there is no effect on stem or 
root biomass. 
4.4.3 Implementation. 
The modelling approach adopted was extremely flexible, allowing the user to select 
between different modelling approaches (e.g. the inclusion of exclusion of nitrogen 
dynamics), functions, and parameter values. The user interface presents the numerous 
choices and parameter values available to the modeller, allowing them to be altered with 
ease. A typical example of a menu presented by the user interface is illustrated in fig. 
4.3. 
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Figure 4.2 Flow diagram of Dasture growth model GRAS SGROW. 
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Figure 4.3 Example of user interface, showing buttons and edit fields which facilitate rapid selection of 
modelling choices I parameter values. 
The model exists in three forms: 
GRASSGROW1. A constant environment is set, with a daily time step. A 15 
hour day is assumed, with constant irradiance during the daylight hours, and with 
constant temperature. The individual impact of different environmental variables or 
model parameters is easily investigated. 
GRASSGROW2. The model incorporates the insolation model (described in 
§3.5.3) which predicts insolation on an hourly basis at any time during the year. 
Temperature and the fraction of each daylight hour which is sunlit are handled 
empirically using data supplied by Page and Lebens (1986); data sets may be selected 
relating to Plymouth, Manchester or Glasgow. Data relating to temperature was on the 
basis of average hourly values throughout the day for different months of the year, 
while sun hours data was for average monthly values. The user is given the option of 
an hourly or a daily time step for running the model. In the case of the latter, 
environmental variables are averaged over the daylight and dark times of day separately, 
and the day is divided into these two periods (it would obviously be unrealistic to 
average light intensity over 24 hours, and then use it in a nonlinear photosynthetic 
response function). 
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(iii) GRAS SGROW3. This is essentially the same as GRAS SGROW2, except that 
the pasture model is linked with the three-dimesional light interception routines for 
forest stands described in chapter 3. The pasture model is, in effect, run for each grid 
square for the plot on the ground, on an hourly time step. In addition, the model allows 
harvesting to an input leaf area index on particular dates, facilitating comparison with 
experimental harvesting experiments. 
No attempt was made to run the tree and pasture submodels simultaneously (i.e. 
predict both tree and pasture growth over an entire rotation) because of lack of success 
of the mechanistic tree growth model, FORESTS (chapter 3). Once tree dimensions are 
stated for use in GRASSGROW3 they remain constant - the pasture model can then be 
run for any length of time under these conditions. 
Versions GRASSGROW1 and 2 are written in Microsoft QuickBASIC, version 
GRAS SGROW3 being coded in FORTRAN because of its huge computational demand 
in terms of computer time. The advantage of versions 1 and 2 is the user-friendly 
interface, allowing modelling choices to be done rapidly and easily, and also instant 
graphic representation of results on the computer screen. Model output for this version 
was in the form of numerical values being listed in output files. These were 
subsequently analysed using separate graph plotting programs written in Macintosh 
Basic. 
All biomass units used in this chapter refer to dry weight, and all references to light 
intensity, unless otherwise stated, refer to that in photosynthetically active wavebands. 
A list of variable names, with appropriate units, is cited in appendix 10, along with 
a list of parameters with suggested values. 
4.4.4 Use of the model. 
It would be impractical to test all combinations of possible modelling choices, along 
with sensitivity of model output relating to these choices (3.6). For this reason, two 
sets of 'standard' conditions were defined, and subsequent analyses involved 
comparing parameter values or modelling choices individually to these. 
It is realised that data relating to parameters in various parts of the model 
(particularly relating to nitrogen dynamics) is partially absent, or has been estimated 
using plant species not associated with pasture. Using the model with nitrogen 
dynamics fully operational to quantitatively predict pasture growth is therefore unlikely 
to be reliable, although this will be tested using sensitivity analysis (4.5.2.3). 
Nevertheless, it is hoped that this version of the model will provide useful insight into 
the physiological interaction of pasture with the complex of environmental variables 
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created by the agroforest scenario, allowing decisions to made about which 
functions/parameter values to select when using a more simply based but more reliably 
parameterised empirical model (e.g. with nitrogen dynamics excluded). Most of the 
results (*4.5)  were produced with nitrogen dynamics operative, and then again with 
carbon dynamics only; this was to examine the reliability of assumptions made in the 
latter version for quantitatively predicting pasture growth in an agroforest. 
The model has been designed such that it could be tested against an existing 
experimental data set (*4.6). The data related to harvesting experiments on pasture 
growth in a simulated agroforest. The pattern of grass growth will be quite different 
under a harvesting regime than under a no-harvest or grazing regime since pasture is 
having to recover from a low leaf area index when harvested. The only reasonable 
method to test model behaviour was to 'harvest' within the model in a similar fashion as 
occurred in the experiment, allowing a direct quantitative comparison of results. 
4.4.5 Description of model processes. 
4.4.5.1 Photosynthesis. 
The user has two choices: 
(i) Crop photosynthesis, pstotal, is calculated from a non-rectangular hyperbola 
describing the response of single leaf photosynthesis, P (kg CO 2 m 2 leaf s 1 ), to 
irradiance, given by the root of the quadratic equation (Johnson & Thomley 1984): 
0P2 -((XI+Pm)P+aIPm=0 
where: I = irradiance PAR (W m 2) 
cx = photochemical efficiency (kg CO 2 J 1 ) 
Pm = light saturated rate of photosynthesis (kg CO 2 m 2 leaf s 1 ) 
0 = convexity parameter (0 < 9 !! ~ 1) 
For 0 =0, P reduces to a rectangular hyperbola: 
p= aIPm 
aI+Pm 
The irradiance incident of a leaf surface at depth L, I (Wm -2), can be shown to be 
(Saeki 1963): 
- k 	-kL 
Ii - (l)I0e 
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where: 10 = irradiance above the canopy (Wm-2) 
L = leaf area index above the leaf (m 2 m 2) 
k = extinction coefficient 
= leaf transmission coefficient 
The instantaneous rate of canopy gross photosynthesis, P ( , for a canopy of total leaf 
area index L0 is: 
= 	P(11) dl 
This can alternatively be written (Johnson and Thornley, 1984): 







x0 = 	 = 
(1-t) 
x1 (lt) e k 
This integral is readily evaluated (Gradshteyn and Ryzhik, 1980) to give: 
= 29k 
[x0- x1 - F(x& + F(x1)] 
where F(x) is defined by: 
F(x) = (x2 + 2Pm(1 - 20)x + Pm2 1 1/2 
+ Pm ln {x 2+ 2Pm(1 - 20)x + Pm2)'2  + x + Pm(1 - 20) 1 Pm[ (x2+ 2Pm(1 - 20)x + Pni2 }1/2 + ( 1 - 20)x + Pm] 
-20 ln[2[{ x2 + 2Pm(1 - 20)x + Pm2 )1/2 + x + Pm(1 - 20)11 
(ii) Photosynthesis is a linear function of the amount of light absorbed(l abs), which 
is given by: 
labs = 	1 - exp(-kL)] 
Canopy phototosynthesis (Pa)  is then calculated as: 
Pc = 'abs 
It is assumed that the youngest leaves are positioned at the top of the canopy, the 
oldest at the base. Although this stacking is somewhat artificial, in that in reality leaves 
will become integrated and mixed to some degree, it does reasonably simulate the 
general observation that as leaves age they become prostrate and are overtopped by 
younger leaves. Using this approach allows the effect of changing microenvironment 
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on leaves as they age to be investigated. Stems and sheaths are assumed not to take an 
active role in photosynthesis (in accordance with Johnson and Parsons, 1985a). 
4.4.5.2 Growth and turnover. 
Gross canopy photosynthesis, Pc  (kg CO2 m 2 ground 
1)  is converted into 
carbon, Ctostorage (kg Cm -2  day- '), which then enters the carbon storage pool, Wc: 
Ctostorage = 3600.h.U'.Pc 	W = W + Ctostorage 
where a is the conversion factor (kg C kg CO 2) and h is the number of daylight 
hours. 
The rate of production of new structural material, G (kg C m 2 s) is given by 
(Thornley and Hurd, 1974): 
- W + constb.W 
where: 	g = growth rate parameter (day') 
W = total plant structural dry weight (kg rn 2) 
constb = a constant. 
The rate of leaf appearance, y (leaves day -1 ) is assumed to be affected only by 
temperature. A weighting factor, ?., is applied for the flux of material from the first to 
second leaf compartment (Johnson and Parsons, 1985a). 
Root turnover (day -1 ) is described by parameter P , and is assumed to remain 
constant. 
4.4.5.3 Carbon partitioning. 
The fraction of above-ground growth partitioned to lamina is given by a 
dimensionless parameter p  (0 :!~ p !!~ 1). The value of this parameter is assumed to be 
constant with time (in accordance with Johnson and Thomley, 1983). 
The model user is given three main options for computing the shoot:root 
partitioning parameter, 4. (0:5 0 :5 1): 
(i) A constant value (input by user). This has commonly been used in other models 
(e.g. Johnson and Thornley, 1983, who suggest a value of 0.9). 
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(ii) To take account of the effect of shade on this ratio, various empirical data sets 
from the literature of leaf weight ratio (above-ground: total biomass) were analysed as 
follows to give equations relating 4 to 10. 
Firstly, 4 must be calculated from leaf weight ratio. This is not straightforward 
because leaf weight ratio depends not only on the standing weight of above- and below-
ground biomass at any time instant, but also on the rates of above- and below-ground 
turnover: 
WgIag 
- Wag Tag + Wbg  'bg 
where: Wag = above-ground biomass (kg rn 2) 
Wbg = below-ground biomass (kg rn 2) 
Tag = above-ground turnover rate (day- 1) 
bg = below-ground turnover rate (day -1 ) 
Assumed turnover rates for the calculations were: 
Tag = 0.15/4 day' (4 leaf compartments) = 1 month (Johnson and 
Thornley, 1983) 
Tbg = 0.2 month (Garwood, 1967). 
Table 4. 1, shown overleaf, was derived in this manner. 
The next step was to relate 4 to percentage light (table 4.1). Because the absolute 
values for light intensity were not tabulated, often because they were unknown and the 
light environment was fluctuating, a value of 100% light has been assumed to be 
equivalent to a light intensity of 250 Wm -2. The resulting graph is plotted in fig. 4.4, 
with fitted regression lines. 
When using the model, the user can then select between any of the equations 
shown in fig. 4.4: 
0 = a constant (value input by user) 
0 = 0.918 - 0.0006317*L (Vartha, 1973: Poa) 
4 = 0.922 - 0.0006337*I0 (Vartha, 1973 : Loliwn) 
0 = 0.9781 - 0.0004819*Io (Thomas and Davies, 1978: Loliwn) 
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Poa(Vartha 1973) 
0 Lolium (Vartha 1973) 






Table 1 1 Table relating leaf weight ratio, LWR (g g1: values from literature) to 4' 







100% 039 0.762 0.39 0.762 0.55 0.857 
71% - - - - 0.63 0.894 
50% - - - - 0.69 0.917 
40% 0.51 0.839 0.55 0.859 - - 
25% 0.63 0.895 0.61 0.887 - - 
15% 0.64 0.899 0.65 0.903 - - 
5 % 0.65 0.903 0.66 0.906 - - 
Figure 4.4 
Graph of variation of shoot: root partitioning coefficient )) with light intensity impinging on crop 
Fitted regression lines are shown. 
0 	 50 	100 	150 	200 	250 
light intensity (W 2) 
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(iii) It is hypothesised that 0 is negatively related to the carbon:nitrogen ratio in the 
storage biomass. A mechanistic function of this type, described by Reynolds and 




where VN' 'vc and iiq are parameters (VN + 	= l). 
4.4.5.4 Sr,ecific leaf prep. 
The specific leaf area of newly formed leaf, 8 (m 2 kg-1 ) is calculated from one of 
the following equations (selected by model user): 
8 = a constant (value input by user) 
ö = 40.(1 - .WC/(Wag  + WC)) (Johnson and Thornley, 1983) 
ö = 80.966 - 0.154*I0 (Vartha, 1973: Poa) 
ö = 60.546 - 0.1032*I (Vartha, 1973: Lolium) 
S = 49.86 - 0.07 l7I,  (Wong and Wilson, 1980: green panic) 
S = 50.29 - 0.0845*I (Thomas and Davies, 1978 : Loliwn) 
where: 10 = photon flux density impinging on crop (W m 2) 
Wag = above-ground dry weight of crop (kg m 2) 
= a parameter. 
Equations c) - f) have been empirically calculated from the following data sets in the 
literature, once again assuming that 100% light corresponds to 250Wm 2 . These 
equations are plotted graphically in fig. 4.5. 
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Figure 4.5 
Graph showing relationship between specific leaf area A kgl and light impinging on crop MM2, 
90 	 Fitted regression lines are shown. 
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4.4.5.5 Nitrogen dynamics. 
Before proceeding with a description of nitrogen dynamics, it should be said that 
the modeller can "switch off" nitrogen in the model altogether, and have a more 
empirically-based carbon-only model. This is a major modelling choice which must be 
made by the model user. 
It is hypothesised here that Pm (light-saturated rate of photosynthesis) and 
maintenance respiration rate, Rm, are related to leaf nitrogen concentration (which 
reflects the carboxylating enzyme content of the leaf). The optimum nitrogen content for 
a leaf therefore depends on the light intensity to which it is exposed. 
According to Hirose and Werger (1987a,b), the saturating rate of photosynthesis, 
Pm, and respiration rate, Rm, for Solidago altissima are related to leaf nitrogen (N L* , g 
N m 2 leaf): 
Pm (ji.mol CO2 m 2 leaf 1) = 12.5NL* - 7.86 
Rm (limo!  CO2 m 2 leaf 1) = 0.346NL* + 0i20 
It is assumed that the parameter values in these equations are appropriate for grass 








50 J  
E3 Vartha(1973):Poa 
• Vartha (1973) : Lolium 
• Thomas & Davies (1978) : Lolium 
o Wong & Wilson (1980) : green panic 
These equations can be converted into more appropriate units, assuming a specific 
leaf area of 40 m2 kg-1 ; new units for leaf nitrogen (N) : kg N kg leaf: 
Pm (kg CO2 m 2 leaf 1) = ( 12.5N1/40*1000 - 7.86)*4.4*108 
(1 .tmol = 4.4* 10-8  kg CO2) 
Rm (kg C m 2 ground day-1 ) = (0.346Nx/40* 1000 + 0.120)*0.0415*Wx 
where W= biomass of respiring organ (kg C m 2 ground), and Nx  is the nitrogen 
concentration in organ X (kg N kg -1 ). 
Conversion of units for equation (ii) involved the following manipulations: 
4.4*108  (kg CO2 9mol4 CO2) 
40 (40 m 2 kg-  leaf) 
86400 (seconds day') 
12/44 (kg C kg-1 CO2) 
Calculation of Pm and Rm thus far quantifies these rates for conditions of optimal 
growth temperature. Solutions must then be adjusted to account for the actual 
environmental temperature as described in §4.4.5.7. 
The relationship between Pm, Rm and light intensity depends on the various 
properties of the light response curve, e.g. a, 0, and respiration parameters. Before 
the simulation commences, the computer calculates, for the input set of photosynthetic 
and respiratory parameters, the linear relationship between light intensity impinging on 
a leaf and the optimal nitrogen concentration for that leaf to achieve a maximal rate of 
net photosynthesis. The routine for this approximation is shown below in BASIC: 
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dim Nlbest(40) 
LAI = 0.001 
for radnnow = 10 to 400 step 10 
Nlbestnow = -99: netpsbest = -99 
for NI = 1 to 10 step 0.01 
Pm = (12.5*N1 - 7.86)*4.4E08 
call psgross(LAI,pstotal) 
pstotal = pstotal*54000  
array to store optimal N concentrations 
radnnow =10  (W m 2) 
loop over different N concentrations 
calculate gross photosynthesis (pstotal = P) 
multiply by no. of seconds in 15 hr day 
Ctostorage = 12/44*pstotal 	! convert CO2 to C 
Rm=(0.346*N1+0.12)*0.0415*L/40 ! calculate respiration (SLA 40 m 2 kg-1 ) 
netps = Ctostorage - Rm 
if netps > netpsbest then 
netpsbest = netps 
Nlbestnow = Ni 
end if 
next Ni 
Nlbest(radnnow) = Nlbestnow 
next radnnow 
compute net photosynthetic gain 
store optimal N value for that light intensity 
calculate regression of Nibest on radiation (good linear relationships found). 
During simulation, leaf nitrogen is translocated to and from the leaf compartments. 
The model compares the current nitrogen concentration (N 1, , kg N kg-1 ) for each leaf 
compartment with the optimum concentration (N0,j)  as predicted from the amount of 
light impinging on that leaf layer. If the current content is greater than the optimal, then 
a fraction of the excess (Nfrom,j,  kg N day') is removed into the nitrogen pool (WN,  kg 
N): 
Npool =0 
for i = 1 to 4 
if Nl(i) > Nopt(i) then 
Nfrom(i) = constenzl *(N1(i) - Nopt(i))*W1(i) 
WN = WN + Nfrom(i) 
end if 
next i 
for i = 1 to 4: leaf(i) = leaf(i) - Nfrom(i) : next i 
where constenzl is a constant (day -1 ). This process occurs during daylight hours 
only. 
During each time step, a certain amount of nitrogen is required for growth, as well 
as translocation to leaves which are below their optimal nitrogen concentration. The 
total demand for nitrogen, Ndemand (kg N m 2 day-1 ) is computed by addition of the 
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following components: 
p4G.N11 (growing leaves) 
(1-p)4.G.Ns (growing sheaths and stems) 
(1-).G.Nr (growing root) 
where: N11 = concentration of nitrogen in the youngest leaves (kg N kg) 
Ns = stem nitrogen concentration (kg N kg) 
Nr = root nitrogen concentration (kg N kg) 
Translocation of nitrogen to leaves (Nt0,1,  kg N day), which is simply the 
reverse process of translocation from the leaves: 
N01 = 	- N11).constenz1.W1 (forNopt'i > N1, only) 
Hence, total nitrogen demand, Ndemand, is given by: 
Ndemand = p..G.N1 + (1-p)4 .G.Ns + (l-).G.Nr + ' 1 N 0 
If the nitrogen demand is greater than that available in the nitrogen pool, WN,  then 
nitrogen limits growth and the rate of growth of the youngest leaves (W 1,1 ), stems 
and root (Wr),  as well as the rate of structural production (G) and translocation 
of nitrogen to leaves (N tO'j i=1 to 4), must all be multiplied by the quotient 
WNlNdemand. 
The rate of nitrogen uptake by plant roots, Nuptake (kg N m 2 day-1 ) is computed 
from: 
Nuptake = (i - constN2) constNl.Wr 
where constNl (kg N kg day-1 ) and constN2 (m2 kg4 N) are constants. 
This function results in the rate of uptake being directly proportional to the root 
biomass, and inversely proportional to the size of the nitrogen pool within the plant. 
Regarding nitrogen dynamics, the model user may choose from the following: 
The nitrogen content of leaves responds to light intensity as described by the 
empirical relationship illustrated in figure 4.1. 
The optimal relationship between leaf nitrogen and light intensity is calculated 
before the simulation starts, and the leaves respond to light as predicted by that 
relationship. 
Nitrogen dynamics are omitted altogether. 
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In cases (i) and (ii) the user should make Pm and Rm a function of leaf nitrogen 
concentration, whereas in case (iii) Pm and Rm must be empirically set. The user may 
omit nitrogen dynamics altogether, by setting all initial nitrogen concentrations within 
the plant to zero and setting constNl to zero (resulting in no nitrogen uptake from soil). 
4.4.5.6 Respiration. 
If the user has chosen to make respiration and photosynthesis relate to tissue 
nitrogen content, then maintenance respiration is calculated as stated in §4.4.6.5 above. 
Alternatively, maintenance respiration, Rm (kg C m 2 day') may be calculated using 
simple empirical coefficients: 
==i MjWaj + MroOt.Wr 
where: Mj = maintenance respiration coefficient (day') for leaf age class i 
Wa,i = above-ground weight of leaf class i (kg C m 2) 
Mroot = coefficient for root respiration (day - 1 ) 
Wr = root biomass (kg C m 2) 
All maintenance respiratory costs are deducted from the storage carbohydrate pool. 
Growth respiration, Rg (kg m 2 d), is calculated as follows: 
Rg = grresp.G 
where: G = rate of production of new material (kg m 2 day') 
grresp = a parameter (dimensionless). 
4.4.5.7 Effect of temperature on model parameters. 
Temperature may have any of the following effects (selected by user) on various 
model parameters (X): 
X = X(Topt)*((T - To)/(T0 - T 0)) : linear effect (Johnson and Thornley, 1984) 
X = X(Topt)*((Topt - ABS(T - T0 ) - TO)/(T0 - T0)) : asymptotic 
X = 0.25*X(20C)* exp(O.06932*T) : Q10 effect (Aslyng and Hansen, 1982) 
X = X(T0 ) : no effect 
where: T =temperature (°C) 
Topt = optimal or reference temperature (°C) 
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T0 = temp. at which growth starts (°C). 
Parameters which may be influenced by the above equations are 
j.t : growth rate parameter (day - ') 
Pm: saturated rate of photosynthesis (kg CO 2 m 2 leaf 4) 
y: rate of leaf ageing (day - ') 
M: maintenance respiration coefficients (day - ') 
0 : rate of root senescence (day 1) 
4.4.5.8 Grazing. 
The model presents the user with the choice of relating the consumption rate per 
animal, cpermin (kg C mind) to either (i) leaf area index (Johnson and Parsons, 
1985a), or (ii) above-ground leaf biomass (including storage), Wagt  (kg m 2), from an 
equation derived from work by Ailden and Whittaker (1970): 
(i) cpermin = cm(LJKj
1 
 1 + 	
(Johnson and Parsons 1985) 
where: cm = maximum consumption rate per animal (kg mind) 
L = leaf area index of crop (m 2 m 2) 
K = value of L for half maximal response 
q = a constant 
(ii) cpermin = root of 0.9x2 - (0.025Wagtot + cm)x + 0.025.W agtot.cm =0 
This equation gives rise to the graph shown in fig. 4.6 (for cm = 0.005 kg mind). 
Daily rate of intake per animal, c (kg day -1 ), is then related to the grazing period, 
graztime (minutes): 
C = cpermin*graztime 
The grazing period may be either constant or related to total leaf biomass (derived 
from Ailden and Whittaker, 1970): 
graztime = 400 : assumes a constant 400 minute grazing day under all 
conditions. 
graztime = 800-(x solution of of: 0.9x2 - (2000Wagtot + 400)x + 
2000.Wagtot.400 = 0) 
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Figure 4.7 Graph relating grazing time ocr day (mins.) to leaf biomass (kg 62) 
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Figure 4.6 Relationship between consumption rate per animal. cpermin (kg min - 1) and laming 
biomass (kg nr2 
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The rate of consumption of different above-ground components, gc, is given by 





j=i 1J L 
where Johnson and Parsons (1985a) adopt the values il I  =0.4,12 = 0.3, 13 = 0.2 and 
114 = 0. 1, reflecting the animals' tendency to eat the younger, more palatable leaves. 
When material is grazed, this will comprise both structure and storage. F 51 is the 
fraction of material in the lamina which is storage, the remainder, 1 - F 5, being 
structure (Johnson and Parsons, 1985a). The fraction of storage in the lamina (fitotal) 
and sheath and stem (fstotal) are given by (Johnson and Parsons, 1985a): 
fitotal
- 	 fstotal = 
- Witot  + EW 0 	 Witot + EWStOt 
where: c = a dimensionless parameter 
Witot = total lamina structural biomass (kg rn 2) 
Wstot  = total sheath and stem structural biomass (kg m 2) 
Now, fitotal must be divided into the different lamina components: 
fltotal 
where the dimensionless parameters Ci allow for different storage concentrations in the 
different lamina categories. Therefore, the fractions of storage in the lamina 
components, F,1  are given by: 
F - flj(Wc-I- WN) 
S,i - fl, (WC +WN)+Wl,i 
The rate of removal of structural leaf carbon, grC 1 (kg C m 2 day), and structural 
leaf nitrogen, grN (kg N m 2 day- 1 ), are then given by: 
grC1 = ( 1 - 	 nsheep 
WINi grN = (1 - Fsj ).gc1 	nsheep 
where nsheep is the sheep stocking density (animals m 2). 
Finally, the rates of depletion of the carbon and nitrogen storage pools (gsC, kg C 
M-2 day and gsN, kg N m 2 day 1 respectively) are computed from the following 
equations: 
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WC gsC = 4 1 F5 .gc. 
	
1 	+ 	nsheep 
gsN =1 1F  .gc1 
WN  nsheep 
wc+ \J 
4.4.5.9 Effect of shelter and shading on temperature at nasture level. 
Two major aspects of shelter on temperature are considered in the model - both are 
handled empirically because of lack of necessary data: 
Increases in wind speed at wide spacings result in reduced air temperatures at 
pasture level. A single paramter, Twjfld,  is used to handle this phenomenon: 
temp = temp*(l.O 
- TWffld) 	(temp = temperature C) 
Shading reduces temperature as a result of reduced energy input. Once again a 
single paramter, Tsde,  controls this reduction: 
temp = temp*(l.O - 
(shading = level of shade: 0 :!~, shading :!~ 1). 
In the case of version GRASSGROW3 it is assumed that temperature is uniform at 
pasture level within the agroforest, dependent on the average level of shading. 
4.5 Model performance. 
Assessing model performance involved three stages: 
Investigation of the individual effects of different environmental variables on 
pasture growth (4.5.1). GRASSGROW1 was used for this purpose. 
Examination of model performance for open-grown pasture, or uniformly 
shaded pasture, using British meteorological input (4.5.2). This was done using 
GRASSGROW2. 
Simulation of a spatially heterogeneous environment, created by an agroforest 
tree canopy, using GRASSGROW3, and then comparing results with simulations using 
equivalent average shade levels (4.5.3). 
The model description (4.4) has made it clear that the model is not a fixed set of 
rigid assumptions, but that it allows the user much choice in selecting between different 
modelling alternatives, i.e. the model user has considerable control over model 
structure. Perhaps the major choice is whether or not to explicitly include nitrogen 
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dynamics (i.e. translocation between plant parts, development of the root system in 
response to nitrogen demand, etc.). It is recognised from the outset that some of the 
parameters necessary for this model version can only be quantified with considerable 
uncertainty. Nevertheless, it will hopefully provide a useful scientific tool for 
investigating the system. For predictive purposes, the carbon-only model version is 
likely to be more reliable because of greater ease of parameterisation. It is hoped that the 
nitrogen version of the model may provide useful insights into which are the most 
suitable modelling choices for use in the carbon-only version. 
For reference purposes, three sets of parameters are described in appendix 11 for 
standard runs of the model, which shall henceforth be referred to as SRUN1, SRUN2 
and SRUN3. The first corresponds to using the model with nitrogen dynamics fully 
operative; the latter two reflect typical model runs with the nitrogen dynamics switched 
off. The following analyses involve running the model a number of times; each separate 
investigation shall be referred to by a number, e.g. 'Simulation 1' : the word 
'simulation' here need not infer a single model run, but may represent several model 
runs towards a single objective. 
IV I A,' 
Ii. 
4.5.1.1 Light intensity. 
The aim of this section is to study model response to light intensity. It is hoped that 
the nitrogen version of the model may indicate the degree to which physiological 
adaptation of leaves, along with associated changed in the root system, is occurring. 
Three simulations were done for this purpose: 
Simulation 1: nitrogen dynamics fully operative. 
Simulation 2: nitrogen dynamics disabled; photosynthetic response curve a non-
rectangular hyperbola. 
Simulation 3: nitrogen dynamics disabled; linear photosynthetic response. 
Simulation 1: nitrogen dynamics fully operative. 
In theory, leaves should adopt a nitrogen status suitable to their environment - 
leaves growing in high light would invest relatively more heavily in nitrogen enzymes. 
If considerable adaptation to light environment does occur, then light saturation of the 
photosynthetic tissue will not be significant, and one might expect the response of 
photosynthesis to light to be more or less linear. Plants growing in high light would be 
expected to invest relatively more in root biomass at the expense of shoot biomass, to 
absorb nitrogen required for carboxylase enzymes. 
Model parameters were set as stated by SRUN1. Important points to note are: 
Nitrogen dynamics are fully operative. 
Nitrogen is translocated to and from leaves depending on the light intensity to 
which they are exposed. 
The relationship between optimal leaf nitrogen concentration and light intensity 
is computed before the simulation commences. 
Tissue nitrogen concentration determines potential photosynthetic and 
respiratory rates. 
The photosynthetic light-response curve is defined in terms of a non-
rectangular hyperbola. 
Root: shoot carbon partitioning depends on the ratio of the sizes of the carbon 
and nitrogen pools within the plant, i.e. the relative demand for these elements. 
Results for this run are shown in figure 4.8 a - h. These show: 
As might be expected, increasing light intensity resulted in a larger 
above-ground biomass (fig. 4.8a), which is primarily caused by increased rates of 
photosynthesis (fig. 4.8c). Most of this biomass is in the form of structural biomass, 
and not storage biomass (compare with fig. 4.80.  Root biomass was also considerably 
greater at high light intensities (fig. 4.8b). 
Photosynthetic rates, after the sward canopy became fully developed, were 
roughly proportional to light intensity (fig. 4.8c), suggesting that light-saturation of the 
photosynthetic apparatus did not occur, even in the uppermost leaves. 
As can be seen by fig. 4.8g, brightly illuminated leaves accumulated more 
nitrogen (carboxylating enzymes) than leaves lit by less intense light. Leaves had 
adapted to their light environment such that net photosynthetic production was 
maximised. The increased nitrogen demand in brightly-lit swards resulted in greater 
rates of nitrogen uptake (fig. 4.8h) and lower shoot:root ratios (fig. 4.8e). 
Predicted leaf nitrogen concentrations in the range 10-12% were extremely high 
and unlikely to be found in nature because of limiting soil nitrogen. This implies that 
fertilisation would therefore markedly improve pasture growth, although less so in the 
agroforestry situation where pastures are shaded. 
Simulation 2: nitrogen dynamics immobilised. 
The model was run with parameters set as stated by SRUN2. Nitrogen dynamics 
were disabled altogether; photosynthetic and respiration parameters being empirical 
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functions of age. Photosynthesis was still a non-rectangular hyperbola, but the shape 
curve remained fixed (in Simulation 1 it was a function of the nitrogen content of the 
leaves). Shoot:root carbon partitioning, 0 , was set at a constant value of 0.9. Results 
are displayed in fig. 4.9: 
Figure 4.9 Results of Simulation 2 of GRASSGROW1. parameters set as for SUN2. 
for three light intensities, 	 temperature = 20°C; stocking density = 0 ha 
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Unfortunately, direct quantitative comparison of photosynthetic rates between 
Simulations 1 and 2 was not possible because the respiration and photosynthetic 
parameters in the former were based on equations relating to Solidago, not pasture 
species. 
Figure 4.9c does, however, show that pasture exposed to high light intensity was 
photosynthetically less efficient than similar pastures grown at low intensity, because 
the photosynthetic apparatus is being saturated with light. Nevertheless, considerably 
greater above- and below-ground biomass accumulate at the higher light intensities 
(figs. 4.9a,c). Plants grown at high light intensity did not, however, invest relatively 
more in their root systems, as did occur in Simulation 1 (fig. 4.9d), because shoot:root 
partitioning was set to a constant value. 
a Gross photosynthesis (kg C in 2 dav 
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Simulation 3. Linear photosynthetic response. 
The model was again run with parameters set as stated by SRUN2, except that 
photosynthesis was made a linear function of light absorbed (instead of a non-
rectangular hyperbola). This enabled a test of the degree to which photosynthetic 
production was impaired because of light-saturation of photosynthetic tissues. Results 
are shown in fig. 4.10: 
Figure 4.10 Results of Simulation 3 of GRASSGROW1. for three light intensities. 
temperature = 20°C; stocking density = 0 ha 
300 Wm 2 	 200 Wn12 	.................. 100 Wn1 2 
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Gross photosynthetic rates were considerably increased using a linear response 
curve compared to a non-rectangular hyperbola (compare figs. 4.9c and 4. lOa). 
Considerable light saturation of the leaves must therefore have occurred in Simulation 
2, particularly at the higher light intensities. Resulting above-ground biomass was 
similarly increased when using a linear photosynthetic response (compare figs. 4.9a 
and 4. lOb). Assuming that the parameter values were reasonable for these simulations, 
this suggests that the choice of a suitable light response curve constitutes a major 
modelling decision. 
It is interesting to compare figures 4.1Oa and 4.9c — rates of photosynthesis are very 
similar, despite the fact that some of the important parameters used to produce the latter 
graph were derived from equations relating to Solidago. This comparison suggests that, 
if leaves really are optimising their nitrogen status to a considerable degree as shown in 
Simulation 1, then this is best represented in the carbon-only model version by 
assuming a linear photosynthetic response to light. However, Simulation 1 has two 
drawbacks: 
(i) The levels of leaf nitrogen required to achieve optimal photosynthesis at high 
light intensities were high — such levels are unlikely to be available to the plant, and it 
would not be worth it investing in large root systems to acquire it. 
(ii) The light environment was constant, and not fluctuating as in reality. Leaf 
nitrogen in a fluctuating environment is therefore unlikely to be optimal for much of the 
time, although it is obvious that benefits may be obtained from adjusting nitrogen 
content in response to long-term phenomena such as shading. This shall be examined 
further in §4.5.2. 
Simulation 1 demonstrated that plants grown in bright light are likely to invest in 
larger root systems in order to acquire nitrogen necessary for enzymes to fully utilise 
that light. The use of a constant shoot:root partitioning ratio, as was done in 
Simulations 2 and 3, is therefore dubious. In the carbon-only version, the use of 
empirical relationships equating partitioning to light intensity (4.4.5.3) is likely 
therefore to be a sensible modelling choice. 
4.5.1.2 Temperature. 
Two factors are investigated in this section - firstly, the effect of different 
temperatures on growth and standing biomass, and secondly, the influence of using 
different functions to describe the effect of temperature on different model parameters. 
Simulation 4: growth at constant temperature. 
Parameters were set as stated in SRUN2, and the model used to investigate growth 
under constant temperature regimes of 10°, 150  and 20°C. Results are shown in fig. 
4.11 overleaf. 
The results indicate that low temperature induces a greater above-ground standing 
biomass (fig. 4.11a). This is perhaps surprising, especially in view of the fact that 
greater rates of photosynthesis and growth were observed at higher temperatures (fig. 
4.1 lb,c). Although pasture growing at low temperature had lower respiratory rates than 
pasture growing at greater temperatures (fig. 4.11d), the main reason for greater 
standing biomass at low temperatures was considerably reduced rates of turnover (fig. 
4.1 le). This effect also causes higher shoot:root ratios to occur at low temperature (fig. 
4.1 if). It is therefore clear that high temperatures will increase cumulative production, 
but not the standing biomass at any one moment in time. 
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Figure 4.11 Results of Simulation 4: effect of temperature on growth and biomass. 
_____ 	
light intensity = 200 Wm 2 ; stocking density =0 ha 
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Simulation 5 : different temperature functions. 
The purpose of these model runs was to test different equations relating to the effect 
of temperature on parameters for the processes of respiration, turnover and 
photosynthesis (4.4.8). This effect was in turn defined in terms of the 'linear', 
'asymptotic' and 'Q10' functions (4.4.8), parameters otherwise being set as stated in 
SRUN2. Results are shown below in fig. 4.12. 
Figure 4.12 Comparison of use of different functions relating parameter values to temperature: 
effect on growth (kg nf 2 dav) 
light intensity = 200 Wn1 2 ; stocking density = 0 ha 
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As would be expected, there was no difference between the effect of the 'linear' and 
'asymptotic' functions on production rates at or below the optimal growth temperature 
(20°C), whereas the 'asymptotic' function causes a decrease rather than an increase in 
production rates at temperatures above the optimum (22°C in figure 4.12a). However, 
the use of the 'Q10' function compared with the linear function (fig. 4.12b) resulted in 
markedly improved production rates at low temperatures, inferring that the use of the 
'linear' function may grossly overestimate the severity of low temperature on rate 
parameters. 
4.5.1.3 Influence of grazing intensity on nasture growth at different 
light intensities and temperatures. 
Simulation 6: grazing and grass grown at different light intensities. 
The model was run for two light intensities (100, 300 Wm-2),  and for each light 
intensity three stocking densities (0, 25, 50 animals per hectare). Parameters were set as 
stated in SRUN2. Note that sheep were not introduced until 100 days after the 
simulation commenced. Results are shown in fig. 4.13 overleaf. 
Pasture growing at either 100 or 300 Wm -2 was capable of sustaining stocking 
densities of 25 sheep had, but only the pasture exposed to 300 Wm 2 could sustain 50 
sheep ha-1 (fig. 4.13a). Pasture growing at 100 Wm-2 with a stocking density of 50 
animals ha-1 was unable to absorb enough radiation, photosynthesise and produce 
growth in quantities sufficient to compensate for grazing pressure (figs. 4.13 b,d). 



















Figure 4.13 Results of Simulation 6: comparison of growth at three stocking densities and two light 
intensities, 	temperature = 20CC 	 1: 0 sheep ha4 
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Clearly, there is a threshold of grazing pressure above which pasture growth will 
deteriorate rapidly. 
Grazing reduced significantly the amount of above-ground growth lost as turnover 
at both light intensities (fig. 4.13c). 
Simulation 7: grazing and grass grown at two temperatures. 
The model was run again for the same three stocking densities as in Simulation 6, 
but this time for two different temperatures, 10°C and 20°C, light intensity remaining 
constant at 200 Wm -2 . Parameters were set as stated in SRUN2. Results are shown 
overleaf in fig. 4.14. 
Simulation 7 shows that, at 10°C, the pasture could not sustain a stocking density 
of 50 sheep per hectare, whereas this was sustained at 20°C. This exposes the fact that, 
despite having a larger standing biomass, pasture grown at low temperature is less able 
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Figure 4.14 Results of Simulation 7: comparison of growth at three stocking densities and two 
temperatures, 	light intensity = 200 Wn12 	 1: 0 sheep ha- 1 
2: 25 sheep ha 







to support intensive grazing than pasture grown at a higher temperature, because of a 
reduced growth rate. 
Simulation 8 : relationship between grazing intensity, leaf growth and senescence. 
Grazing intensity, by removing herbage biomass, affects rates of herbage growth. 
If a pasture is understocked, much growth will not be eaten by the animal, and will be 
lost as turnover. Conversely, if overstocked, the pasture will be unable to recover 
adequately between grazings, light absorption will be reduced, and maximal site 
productivity will again be lost. The optimal site stocking density exists when growth 
minus senescence is maximised. 
The model was run with parameters set as for SRUN2, with a light intensity of 200 
Wm 2 and a temperature of 20°C, for various stocking densities between 0 and 72 
animals per hectare. State variables were allowed to equilibriate (reach unchanging 
values), and then rates of gross lamina growth and lamina senescence recorded. This 
permitted the amount of net growth (gross production minus senescence) available to 
the grazing animal to be calculated for each stocking density. Results are shown in fig. 
4.15. 
As stocking density increases, the amount of leaf growth decreases as a result of 
reduced amounts of light-absorbing tissue. Above about 60 animals per hectare this 
decrease becomes very marked, because individual tillers could not survive long 
enough between grazing events. At the same time, increases in the intensity of grazing 
produced a more or less steady decrease in the amount of leaf material being lost as 
turnover. The resulting pattern of net growth available to the grazing animal shows an 
Figure 4.15 Comparison of rates of leaf growth. senescence and net growth at various stocking 
densities 	 Light intensity = 200Wm 2 ; temperature = 20°C 
Parameters set as for SRUN2. 
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optimal stocking density of about 60 animals per hectare. 
Clearly, this optimum will vary with both changing environmental conditions and 
parameters relating to the physiology of the grass (both of which affect herbage growth 
rates), as well as variations in herbage intake rate, which are not considered here. 
Simulation 9 variation of optimal stocking density with light intensity and temperature. 
The model was run a number of times, parameters being set as for SRUN2, for a 
variety of combinations of light intensity (ranging 25 - 250Wm 2) and temperature 
(ranging 6 - 20°C). For each combination, the optimal stocking density (to the nearest 
animal per hectare) was found. Results are shown in fig. 4.16. 
Both light intensity and temperature played important roles in limiting optimal 
stocking density over the range of values investigated. In all cases, an increase in light 
intensity caused an increase in the optimal stocking density of the site, although the 
effect is much less marked at low temperatures than at higher ones. However, 
increasing temperature at low light intensities caused a reduction in optimal stocking 
density. This was because of increased respiratory costs, which could not be 
compensated for by extra growth because of an inadequate energy (light) supply. 
Figure 4.16 Diagram showing optimal stocking density (sheep ha for various combinations of 
light intensity and temperature. Parameters set as for SRUN2. 
4.5.2 Using GRASSGROW2 and GRASSGROW3 to simulate pasture 
growth. 
The aims of this section are: 
To test model performance for hourly climatic input relating to sites in Great 
Britain. 
To compare the use of hourly and daily time steps for simulating pasture 
growth. 
To assess the sensitivity of the model equations and parameters when running 
the model using British climatic data as input. 
Glasgow was arbitrarily chosen as the station for meteorological input for analyses 
within this section. Grazing was not involved in these analyses. 
4.5.2.1 Running the model with British climatic input. 
This section involves a comparison (Simulations 10 and 11) of the nitrogen and 
carbon-only versions of the model, when run on an hourly time step with British 
climatic input. In each case the simulation length was 1100 days (approx. 3 years) from 
the 1st of March (approximately the beginning of the growing season). The reason for 
such a lengthy period was to determine whether the system equilibriates, i.e. follows a 
set pattern year after year. 
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Simulation 10: nitrogen dynamics operative. 
The model was run with parameters set as stated by SRUN1, with nitrogen dynamics 
fully operative. Results are shown overleaf in fig. 4.17. 
Results show very strong seasonal patterns in rates of photosynthesis and growth, 
both of which correlated closely with equally marked trends of radiation input and 
temperature (fig. 4.17c,e,i,j). Temperatures below the minimum growth temperature 
(T0, 5CC) prohibit photosynthesis in the winter months. Both radiation, as the energy 
source, and temperature, through its effect on rate parameters and in particular 
respiration (fig. 4.17d) play major roles in controlling grass growth during the growing 
season. The strong seasonal growth patterns of pasture means that its optimal stocking 
density is continually changing. 
Total quantities of standing biomass also varied seasonally (figs. 4.17a,b), the 
effect being more marked for shoots rather than roots (because greater fractions of 
assimilate are partitioned to shoots, making them more sensitive to seasonal growth). 
There was a time lag of about one month between maximal rates of photosynthesis and 
the appearance of maximum above-ground standing biomass. Biomass was essentially 
static over the winter: no accretion or loss occurred. The fraction of total biomass as 
shoot increased throughout late summer and early autumn (fig. 4.17f). 
Leaf nitrogen concentration varied strongly on a seasonal basis, the highest levels 
of about 0.07 - 0.09 kg kg 1 being present in summer. Although such nitrogen 
concentrations in plant tissue are high, the result is by no means unreasonable (e.g. see 
Garstang (1981), who recorded a crude protein content of 20 to 25% for fertilised 
pasture, corresponding to approx 4 to 5 kg N kg-1 ). Rates of nitrogen uptake by roots 
were highest during mid-summer to accomodate this demand (fig. 4. 17g,h). 
Simulation 11: nitrogen dynamics disabled. 
Simulation 11 was equivalent to Simulation 10, except that the nitrogen dynamics 
were inactivated, parameters being set as stated in SRUN2. Results are shown in fig. 
4.18. 
Once again, strong seasonal trends in photosynthesis, respiration and growth 
occurred (fig. 4.18a,c,e). Above-ground standing biomass increased markedly through 
the early stages of the growing season, and remained static over winter. Root biomass 
showed a slow increase throughout the simulation. 
Rates of growth, photosynthesis and respiration were remarkably similar between 
Simulations 10 and 11. Predicted above-ground biomass was also very similar between 
the two runs. The main difference was in the root biomass, which stabilised into a 
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Figure 4.17 Results of Simulation 10. Three year simulation, nitrogen dynamics fully QW—rative, 
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Figure 4.18 Results of Simulation 11. Three year simulation. hourly time step. carbon dynamics 
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marked seasonal trend in Simulation 10, but not in Simulation 11 (it was steadily 
increasing). 
It is clear that both model versions are producing sensible results. It is particularly 
encouraging that the nitrogen version of the model is behaving sensibly, despite the 
difficulties in its parameterisation. 
4.5.2.2 Effect of using different time steps. 
The use of an hourly time step necessarily involves a large computational demand. This 
section tests the changes in model output which occur as a result of averaging 
meteorological variables throughout a day, and then applying a daily time step. 
Simulation 12. 
GRASSGROW2 was run with parameters and equations set exactly as for 
Simulation 11 (SRUN2), except that a daily rather than an hourly time step was 
implemented. Results are illustrated in fig. 4.19: 
Figure 4.19 Comparison of use of hourly and daily time steps. 
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Photosynthesis, and hence growth, respiration and turnover were greater early in 
the growing season (April and May) when predicted using an hourly rather than a daily 
time step (fig. 4. 19b,c,d). This was caused by temperatures during a few hours in the 
middle of the day being above the minimum threshold for growth (5°C), a feature lost 
when temperature is averaged over 24 hours. For the same reason, the pasture growth 
continues later in the season when predicted with an hourly rather than a daily time step. 
Greater rates of photosynthesis and respiration, as well as a larger standing 
biomass, were observed in the middle and latter stages of the growing season (July to 
October) when using an hourly time step. This was because high levels of irradiance in 
the middle of the day during the summer months caused large amounts of 
photosynthetic saturation, and hence a reduction in growth rate, the effect being less 
severe when using a daily time step. The result is a high mid-season biomass when 
using a daily time step, which consequently results in elevated rates of growth for 
some time (because of more leaf area to intercept light), as compared to a simulation run 
using an hourly time step. 
However, all these differences are relatively small when compared to total rates of 
production, and therefore the use of a daily time step to simulate open-grown pasture 
growth will not incur serious cumulative error if the total leaf biomass produced 
throughout the season is the variable of primary interest. 
4.5.2.3 Sensitivity analysis. 
This section may be divided into two separate sections: 
The sensitivity of model output to individual model parameters. 
The sensitivity to choices between different functions relating to important 
model processes or parameters. 
All sensitivity analyses were quantified on the basis of cumulative leaf lamina 
production (kg m 2) (this is the most important variable regarding the grazing animal) 
for a 370 day simulation period, on an hourly time step, commencing 1st March. 
4.5.2.3.1 Parameter sensitivity analysis. 
To test the sensitivity of the model to individual parameters, parameter values were 
varied individually by adding -50%, -30%, -10%, +10%, +30% and +50% of their 
value as defined by either SRUN1 or SRUN2. The lack of certainty about good values 
for some parameters justifies such a wide range. Parameters were set as for SRUN1 
when testing the sensitivity of those parameters directly linked to nitrogen dynamics 
(e.g. constenzl, constNl), or otherwise as for SRUN2. The percentage change in 
cumulative lamina growth (an appropriate measure of herbage production: it is this that 
sheep graze) for a 370 day simulation period is recorded. Results are shown in table 
4.2. 
The nitrogen version of the model is very sensitive to carbon partitioning 
parameters NCI  '41q) as well as the parameters which influence nitrogen uptake by roots 
(constN 1 , constN2). Values assigned to the latter parameters were simple estimates, and 
could be in error by as much as, or more than, 100%, rendering this version of the 
model of limited value for quantitative use. 
Perhaps surprisingly, the value for constenzl (the rate of adaptation of leaf nitrogen 
concentration to its radiation environment) had little effect on cumulative leaf 
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Table 4.2 Results of sensitivity of analysis of GRASSGROW. Parameters were varied individually by 
adding -50% to +50% of their value as stated in SRUN1 or SRUN2. The table shows percentage 
increase in cumulative lamina growth for simulation runs of 370 day duration on an hourly time step. 
Parameter -50% -30010 -10 01b +10% +30% +50% Setting 
a -41.4 -21.9 -6.6 6.0 16.7 25.9 SRUN2 
Pm -46.7 -22.0 -6.2 5.4 14.5 21.7 SRUN2 
k 3.6 5.8 2.4 1.9 -7.5 -12.2 SRUN2 
o -25.3 -18.3 -8.2 * * * SRUN2 
IC -3.4 -2.1 -0.7 0.7 2.1 3.6 SRUN2 
T0 20.1 12.0 3.9 -3.7 -12.2 -19.8 SRUN2 
T0 -33.0 0.2 6.1 -7.4 -22.8 -35.2 SRUN2 
-5.0 -2.2 -0.6 0.5 1.2 1.7 SRUN2 
-66.3 -37.8 -12.2 12.0 35.4 57.0 SRUN2 
y(T0 ) -13.4 -6.1 -1.5 1.1 2.0 1.6 SRUN2 
-2.9 -1.3 -0.3 0.3 0.7 0.9 SRUN2 
-0.2 -0.1 0.0 0.0 0.1 0.2 SRUN2 
o -37.0 -13.1 -3.0 2.2 5.3 7.2 SRUN2 
4) -62.0 -34.4 -10.8 10.3 * * SRUN2 
P -68.5 -39.2 -12.7 12.5 31.7 
* SRUN2 
consth 0.3 0.2 0.1 -0.1 -0.2 -0.3 SRUN2 
M 1 	0 16.4 9.4 3.0 -2.9 -8.5 -13.7 SRUN2 
Mroot 1.0 0.6 0.2 -0.2 -0.6 -1.0 SRUN2 
grresp 14.9 9.1 3.1 -3.2 -9.8 -35.7 SRUN2 
windtemp 3.8 2.4 0.8 -0.5 -2.5 -4.8 SRUN2 
constenzl -0.8 -0.3 -0.1 0.1 0.2 0.3 SRUN1 
VC 	§ 35.9 31.2 10.9 -10.4 -32.3 -55.7 SRUN1 
'Vq 8.6 4.3 1.2 -1.0 -2.7 4.0 SRUN1 
constN 1 -22.7 -11.1 -3.2 2.8 7.7 11.8 SRUN1 
constN2 -32.6 -15.1 -4.0 3.4 8.8 13.0 SRUN1 
Ns 3.0 1.8 0.6 -0.6 -1.8 -2.9 SRUN1 
Nr 6.1 3.6 1.2 -1.1 -3.3 -5.3 SRUN1 
production. This may be because, under changing environmental conditions, leaves 
never become fully adapted to their instantaneous radiation environment. Leaves are 
therefore unlikely to be able to fully utilise high radiation loads, and light saturation will 
occur to some degree. 
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Regarding the carbon-only version of the model (SRUN2), the most important 
parameters determining output were those directly related to photosynthesis, and the 
partitioning of the resulting assimilate into new structure. These may be divided into 
four categories: 
Photosynthetic parameters, a, Pm and 0. These all have a major impact on 
model output. The model assumes that Pm does not vary between leaves in different 
age classes and between leaves developing in different microenvironments. The fact that 
some such variation does occur will result in some error in model output. Johnson and 
Thornley (1983), and Johnson and Parsons (1985a), use values of a which vary by 
20%, for two different versions of the same model. This alone will produce 
considerable variability in model output. 
Parameters relating to light interception, 8, k and t. Severe underestimation of 
(specific leaf area) will result in a considerable underestimate in production. Because 
has been shown to vary between leaves developing in different microenvironments, this 
may be of particular importance in the case of shaded agroforest pastures. This is 
investigated further in the next section (4.5.2.3). 
It is interesting that a decrease in k (the light extinction coefficient) causes an 
increase in production. This is because the light is distributed more evenly throughout 
the grass canopy, and hence fewer photosynthetic units become light-saturated. Exactly 
the same effect occurs when the leaf transmission coefficient, 'r, is increased. 
Parameters relating to temperature (T 0 , T0).  The values for these parameters 
are probably fairly accurate. 
Partitioning parameters (4,p). These clearly have major effects, although their 
estimated values are probably fairly good. However, their sensitivity does mean that 
attention should be paid to the possible effects of different light environments on 
partitioning. 
Conversion of assimilated CO 2 into plant structure (o). Johnson and Thornley 
(1983) simply assume that this parameter related to the relative molecular weights of 
carbon and carbon dioxide (12/44), i.e. that CO 2 is simply converted to C; this same 
value is used in SRUN1 and SRUN2. In reality, organic matter is composed of many 
elements and not just carbon. Elements other than carbon, which are taken up by roots, 
will therefore result in a true figure of o of greater than 12/44. 











parameters determining rates of leaf and root turnover (y43). Perhaps surprisingly, 
Tw jfld. had very little impact on model output, i.e. the consequent reductions in 
temperature associated with increasing this parameter had little impact on total amounts 
of growth. Decreases in photosynthetic rates associated with lower temperatures were 
accompanied by reduced respiration rates, and consequently growth rates were similar. 
Parameter Tsde  was not included in the above analyses because it is expected to be 
sensitive to shading level, which was not assessed. Model sensitivity to this parameter 
is now analysed, for a range of different shading regimes : 0, 50, 75, 80, 90 and 95% 
uniform shade. For each shading treatment, Tshade  was tested (again by examining 
cumulative leaf production for 370 day simulation runs from March 1st) for values of 0, 
0.1, 0.25 and 0.5. Results are shown in figure 4.20 (note that the y-scaling for each 
treatment is different): 
Figure 4.20 Sensitivity 	of cumulative laming growth to parameter 	for 6 levels of uniform 
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value of Tshade 
The results show that, except for very high values of Tshade,  there is very little 
change in cumulative leaf growth associated with changes in the value of this parameter. 
Reduced growth rates concomitant with low temperatures were compensated for by 
reduced respiration costs. Indeed, at high shading levels (>80%), and intermediate or 
high values of Tshle  (0.1-0.5), increases in Tsha& actually caused increases in growth 
rates. 
In general, the results suggest that, regarding overall growth rate, the effect of 
shade on temperature at ground level is of relatively minor importance. 
4.5.2.3.2 Function sensitivity analysis. 
Three important modelling choices are investigated in this section: 
The choice of a non-rectangular hyperbola or a straight line relationship to relate 
photosynthesis to light absorbed. This has already been tested for environmentally 
unchanging conditions (4.5.1.1). However, a conclusion from that analysis was that 
much would probably depend on how light intensity varied with time. This section 
therefore assesses the use of these two relationships under fluctuating environmental 
conditions. 
The choice of equation relating specific leaf area (ö, m 2 kg-1 ) to impinging light 
intensity. 
The choice of equation relating shoot:root partitioning (4)) to light. 
Because (ii) and (iii) above relate closely to light intensity, sensitivity analysis for 
these functions was done over a range of different shading levels between 0% and 
95%. 
Note that the choice between functions described in this section can represent 
choice between mathematical expressions of different structure, or between expressions 
with the same structure but incorporating different parameter values. 
4.5.2.3.2.1 Comparison between the use of a nonrectangular hyperbola 
and a linear response for simulating photosynthesis. 
GRAS SGROW2 was run twice, firstly using a nonrectangular hyperbola, and 
secondly a linear response to photosynthesis. Parameters were set as for SRUN2 
(except for the photosynthetic response), and the model run for 370 days on an hourly 
time step. Results are displayed in fig. 4.21. 
Clearly, the use of a linear response results in marked increases in both 
photosynthetic rates and above-ground biomass (fig. 4.21a,b). Considerable light 
saturation of photosynthetic units must have occurred when a non-rectangular 
hyperbola was applied, particularly in late spring and early summer. 
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Figure 4.21 Comparison of simulating photosynthesis with different light response functions 
Parameters set as for SRUN2. 
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Sensitivity analysis was carried out on equations a) - f) (4.4.4), the model being 
run for each equation in turn, and for six levels of shading ranging from 0% to 95%. 
Parameters were set as for SRUN2 (except for ), and the model run for 370 days on 
an hourly time step. Results are shown in fig. 4.22 (note that the y-scaling changes for 
each level of shading): 
Figure 4.22 Comparison of use of diffemt euuations for computing specific leaf area. 	(2 kg 1): 
prediction of cumulative laming growth (kg nr2 for 370 day simulations at 6 shading levels. 
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The most striking feature of the results is that, in the range of shading 75-90%, 
there is a significant increase in production of leaf (in the order of 10-80%) when 
equations c) - were applied as compared to the use of equations a) and b). The 
amount of leaf area present to intercept light at low light intensities is limiting growth, 
and this can be increased if the plant is able to maximise this area. At very high shading 
levels (95%) and low shading levels (50-0%) model output was relatively insensitive to 
variations in specific leaf area. Because light intensities in the range 75-90% might be 
expected in agroforest stands, the choice of how to model specific leaf area is of 
considerable importance. 
4.5.2.3.2.3 Shoot: root partitioning (. 
Model output was tested for equations a) - d) (4.4.4) in turn, for six levels of 
shading (0% - 95%), parameters being set as for SRUN2 (except ). Results are shown 
in fig. 4.23: 
Figure 4.23 Comparison of different equations for computing shoot:root partitioning. (t): prediction 
of cumulative laming growth (kg rn 2) for 370 day simulation runs at 6 shading levels. 
= 0.9 	 c) EM = 0.922 - 0.000633710 	10 = light intensity 
V////A 0 = 0.918 - 0.0006317I o 	d) i i 4= 0.9781 - 0.00048191 	 (Wni2) 
function for computing shoot root partitioning (0) 
The results show that only very slight increases in production levels occurred at high 
shading levels as a result of using equations (b) - d)) which increased the proportion of 
assimilate being partitioned to shoot at the expense of root. As table 4.2 shows, the 
model is sensitive to 4, but results in fig. 4.23 demonstrate that it is relatively 
4sI.1 
insensitive to the use of different equations relating 0 to light intensity. 
These results show that the chosen value of 0.9 for 0 is a good estimate, because 
model output using this fixed value compared well to that when more complex 
functions (b) - d)) were used. 
4.5.2.4 Examination of nasture growth under uniform shade. 
Because of the importance of the finding in §4.5.2.3.2.2 that specific leaf area is of 
major importance in determining pasture growth at low light intensities, it was decided 
to adopt equation d) (*4.4.5.4)  to compute specific leaf area (this is the difference 
between SRUN2 and SRUN3) for subsequent analyses. This does not render all the 
previous analyses invalid, because the general principles of pasture growth remain 
exactly the same. It simply means that pasture will grow relatively better under poor 
light conditions than has been predicted so far. 
Simulation 13. 
GRASSGROW2 was used to compare pasture growth at shading levels of 0%, 
40% and 80%. Model parameters were set as for SRUN3, and the model run for 370 
days on an hourly time step. Results are shown overleaf in fig. 4.24. 
As would be expected, the imposition of shading causes diminished rates of 
photosynthesis and growth, resulting in a reduced above-ground biomass (fig. 4.24 
a,b,e). Total maintenance respiration was lower when pasture was shaded because of 
reduced biomass. 
Specific leaf area was higher under shade, but the difference between the various 
shading treatments was not great. All treatments developed an average specific leaf area 
in the range 50 to 60 m2 kg-1 , suggesting that the value of 40m 2 kg-1 quoted by 
Johnson and Thornley (1983) is too low. 
The model predicts the development of a lower shoot:root ratio in high-shading 
treatments (fig. 4.24h), a result which would not be expected to occur naturally (see 
§4.4.5.3). This is a result of setting the initial root biomass at 0.1 kg m 2; it can be seen 
that the root biomass is diminishing at a steady rate at 80% shading, while it is 
increasing when treatments of 0% and 40% were tested (fig. 4.24c). 
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Figure 4.24 Comparison of simulating pasture growth at three levels of uniform shading. 
parameters set as for SRUN3. 
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4.5.3 Effect of spatial disaggregation of light beneath trees on pasture 
growth. 
4.5.3.1 Examination of pasture growth in a disaggregated light 
environment. 
An agroforest tree canopy causes spatial disaggregation of the light environment at 
pasture level. The effect of this type of shading regime on pasture growth was 
investigated using GRAS SGROW3. 
Simulation 14. 
The model was run twice, each simulation being of 250 days duration 
(approximately the length of the growing season) from March 1st. Parameters were set 
as for SRUN3 in the first run, and the same for the second except for the use of a linear 
photosynthetic response function. Regarding the trees, the following set of inputs was 
used to investigate the model: 
5m spacing 	 apex angle = 20 
crown depth = 4m 	 clear bole = 0.5m 
extinction coefficient, v = 1.5m 1 
A visual representation of this system is displayed in fig. 4.25: 
Figure 4.25 Diagram showing tree and plot dimensions 
Model output was compared with that generated for the same parameter inputs, but for 
the open-grown situation (i.e. it was the relative effect of shade on output that was 
studied, not the absolute effect). The cumulative amounts of light impinging on the 
pasture, and pasture growth (total growth in biomass), each expressed as a percentage 
of that which would occur in the open, are displayed in fig. 4.26. 
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Figure 4.2k Comparison of cumulative light intercepted, and cumulative growth. both plotted 
as 9 of oen-gro\'n. 	 i 
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The results suggest that, when using a linear photosynthetic response function, 
amounts of growth are closely related to the amount of light impinging on the crop. In 
contrast, considerably more growth was predicted when using a non-rectangular 
hyperbola to simulate photosynthesis, inferring the more efficient use of light resources 
under the shaded conditions created by the tree canopy. The choice of response function 
is therefore of major importance when modelling pasture growth in the agroforest 
situation. 
The trees caused considerable spatial variation in both the light reaching pasture 
level and quantities of pasture growth. 
Perhaps surprisingly, the results showed no obvious asymmetry between the east 
and west sides of the plot. As a result of higher temperatures in the afternoon compared 
to those in the morning, greater growth rates might have been expected at this time 
(when the sun was in the south-western part of the sky). This might have caused 
relatively more growth in the eastern half of the plot (which tends to be less shaded in 
the afternoon than in the morning. The results suggest that this phenomenon is of minor 
importance. 
There was, however, a noticeable increase in production in the northern half of the 
plot compared to the southern half. This is simply explained in terms of radiation 
geometry : the sun moves through the southern part of the sky during the day, and this 
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4.5.3.2 Comparison of results with simulations using uniform shading. 
Simulation 15 uniform shading. 
The average level of shading in each of the two model runs described above in 
section 4.5.3.1, throughout the entire 250 day simulation period, was 32.764%. To test 
the importance of the heterogeneity of the light environment on the quantitative growth 
of pasture, the model was run for the same time period, with the same parameter 
values, but with the application of a uniform shading level of 32.764%. A comparison 
of the output of the two model versions is depicted graphically in fig. 4.27. 
Figure 4.27 Comparison of simulated pasture growth beneath trees using a heterogeneous shading 
model (GRASSGROW3) and simulation based on uniform shading : the average shading value 
for the heterogeneous simulation (32.764%) 	Tree characters: 5m spacing crown depth 4m 
heterogeneous shading 	............. uniform shading 	clear bole 0.5m v = 1 .5n1 1 
Non-rectangular hyperbola 
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Output using an average shading level was remarkably similar to output from the 
disaggregated situation. 
When using a non-rectangular hyperbola to simulate photosynthesis, averaging 
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spatial heterogeneity resulted in an increase in growth rate and above-ground biomass. 
This was because such averaging reduced the amounts of light-saturation of 
photosynthetic tissue. Conversely, when using a linear photosynthetic response, the 
same averaging process resulted in reduced growth rates and hence a diminished above-
ground biomass. This was because the development of a large leaf area index in areas 
exposed to high radiation loads, when using the disaggregated approach, permitted 
maximal absorption of the high radiation loads which occur in May and June, a feature 
which was lost when using the averaging approach. 
4.6 Testing the model against an experimental data set. 
4.6.1 The data base. 
The model was tested against data provided by the Macaulay Land Use Research 
Institute (MLURI), relating to an experiment investigating the growth of pasture 
beneath respaced Sitka spruce (Picea sitchensis) trees in Scotland (see Sibbald, 1988). 
Preliminary results of this study have been kindly forwarded for use in this paper, and 
may not be quoted from this text without the express consent of the MLURI. 
The experiment used Sitka spruce trees at three heights (3.5, 5.5 and 7.5m) and 
were respaced to three spacings (4, 6 and 8m). The tallest trees had their lowermost 
whorls pruned. Ryegrass (Lolium perenne) pasture was grown in sward boxes (to 
eliminate below-ground competition with trees for nutrients and water) beneath the tree 
canopy, as well as in the open to provide an experimental control. Sampling pasture 
growth was carried out in a stratified manner, the area between trees being divided into 
nine subareas as follows: 
Figure 4.28 Layout for stratified pasture samplin g . 
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Herbage was cut to a sward stubble height of 2.5 cm at each of ten sampling dates 
throughout the year, the cut material providing an estimate of leaf production since the 
last sampling period. 
Data relating to tree dimensions and properties is tabulated in appendix 12. 
4.6.2 Testing the model for open-grown pasture growth. 
Simulation 16: testing the model for open-grown growth. 
GRASSGROW3 was run, for open-grown conditions, with ten harvest dates 
between 9 May and 8 November. At each of these dates the pasture was harvested to a 
sward stubble height of 2.5cm, which was assumed to equate to a LAI of 2.0. The 
model was run twice to compare the output generated by the choice between a linear and 
a non-rectangular hyperbola for the photosynthetic light response, parameters otherwise 
being set as for SRUN3. Simulation commenced on 17 April (the date on which the 
experiment was initiated), with meteorological data relating to Glasgow. 
Production of leaf material (kg m 2 day-1 ) was calculated by dividing the amount 
harvested on a particular date by the time period since the previous harvest (or the start 
of the simulation). Figure 4.29 shows the results: 
Figure 4.29 Comparison of Site data with model predictions using linear and non-rectangular 
hyperbola functions to compute photosynthesis. for a cutting treatement to LA! 2.0. 
site data 	 A linear 	 .sssmm 	non-rectangular hypebola 
9 May 30 May 20 Jun 4 Jul 18 Jul 1 Aug 15 Aug 30 Aug 12 Sep 8 Nov 
Harvest date 
Running the model with a non-rectangular hyperbola to describe the photosynthetic 
light response resulted in considerable underestimates of leaf production at nearly every 
harvest. In comparison, the use of a linear response function produced a better 
quantitative match of model output with experimental data. The pattern of leaf growth 
throughout the season was similarly predicted by the two photosynthetic functions. 
Considering the use of the linear response, the model overpredicted growth in late 
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July and early August. A dry spell in the field during this period may have reduced 
growth, a factor not taken account of in the model. Also, the model underestimated 
growth in mid to late August, and in general towards the end of the year. This is less 
easily explained, but may have been a result of particularly good weather in the field 
during this time period, or to a surge in vegetative growth following the reproductive 
phase, a feature not accounted for in the model. 
The aim of this section was to look at the relative decrease in growth as a result of 
shading from trees, as predicted by the model (version GRASSGROW3), and compare 
this with field observations. Absolute quantities of growth were not examined (although 
these are easily computed from the totals relating to predicted and observed open-grown 
pasture growth). 
The model was run for each possible combination of tree size and spacing 
(described in §4.6.1) in turn. For each site combination, the linear and non- rectangular 
hyperbola photosynthetic functions were applied, parameters otherwise being set as for 
SRUN3. 
Once again, to allow direct comparison with field results, the model operated on the 
basis of 10 harvests to LAI 2.0 between 9 May and 8 November, the simulation 
commencing on 17 April. Results showing the spatial heterogeneity of growth 
(harvested material) for both site data and model predictions, plotted as percentage of 
open-grown, are shown overleaf in figure 4.30. For direct comparison between site 
data and model predictions, the model output was averaged into nine subareas as in the 
site experiment, the resulting diagrams being shown in figure 4.31. Finally, results for 
each treatment were averaged over the nine subareas, as shown in figure 4.32. 
The reduction in growth rate from open-grown is predicted reasonably well 
(usually to within 5-10%) by both model versions (linear and non-rectangular 
hyperbola photosynthetic responses), for all nine treatments (fig. 4.32). The use of a 
non-rectangular hyperbola resulted in only a slight (5-10%) increase in total growth as 
compared to the use of a linear response function. Growth in both cases was closely 
related to the cumulative amount of light that impinged on the crop (figure 4.32). 
Figure 4.30 reveals large differences in growth in different parts of the pasture plot, 
for most of the nine treatments. These strong heterogeneous effects are not readily 
apparent from the site data. The most marked spatial growth gradients were observed in 
the 'low' and 'intermediate' treatments, which was not surprising because tree crowns 
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Figure 4.30 Comparison of model predicted harvested leaf growth for 10 harvests between 17 April and 8 Nov.. and experimental values, for various 
combinations of suacing and tree size. For each scenario separate predictions were made using a non-rectangular hyperbola and linear photosynthetic 
response. Parameters otherwise set as for SRUN3. 
Diagrams show spatial variation of harvested material beneath the tree canopy.  
All plots are as % of open-grown (i.e. % open grown site data, or % open-grown model prediction).  
0 	25 	50 	75 	100 
Quantitative data (harvested material): open-grown = 0.8559 kg rn-2 
model: LPR = 0.8479 kg nr 2 
model: NRH = 0.4659 kg m-2 
L = 'low' trees ; I = 'intermediate trees' ; T = 'tall' trees. 
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Figure 4.31 Comparison of model predicted harvested leaf growth for 10 harvests between 17 April and 8 Nov.. and experimental values, for various 
combinations of spacing and tree size. For each scenario separate vredictions were made using a non-rectangular hynerbola and linear photosynthetic 
response. Parameters otherwise set as for SRUN3. 
All plots are as % of open-grown (i.e. % open grown site data, or % open-grown model prediction). 	
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Quantitative data (harvested material): open-grown = 0.8559 kg m2 
model: LPR = 0.8479 kg ni 2 
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extended to ground level in those cases. It is interesting that marked spatial growth 
patterns occurred even at the widest spacing for all tree treatments. 
Figure 4.32 Comparison between model predictions and site data of average amounts of harvested 
growth and cumulative light that impinged on the crop (model only. all plotted as percentage 
of open-grown. for the 9 site treatments, 
harvested growth: site data 	 growth : model prediction LPR 
kN'\'J growth : model prediction NRH I I light impinging on crop 
NRH: non-rectangular hyperbola; LPR : linear photosynthetic response 
L = 'Low' treatment; I = 'Intermediate treatment'; T = 'Tall' treatment 
217 
Patterns of growth were in general similar to those already described by Simulation 
14 (*4.5.3.1). More growth was predicted when using a non-rectangular hyperbola to 
describe the photosynthetic response that a linear function. 
Direct comparison of model predictions and site data (fig. 4.31) shows that, in 
general, the model predicts less growth in the four corner squares of the plot than 
actually occurred in reality. This effect was most marked for the 'intermediate' trees at 
the 6 and 8m spacings. Nevertheless, overall model predictions were not unreasonable. 
4.6.4 Harvesting errors associated with unmeasured turnover. 
A certain amount of leaf growth will not be detected in harvesting experiments 
because of turnover of this material between harvests. To examine the magnitude of this 
effect, GRASSGROW3 was run with parameters set as for SRUN4, and with 10 
harvests (to a LAI of 2.0) between 9 May and 8 November. A comparison was then 
made of the amount of leaf harvested and the total amount of leaf growth in the harvest 
period. Results are shown in fig. 4.33. 
Figure 4.33 Comparison of predicted leaf production from harvests and production which actually 
occurred during the simulation run (linear photosynthetic response), 





The results show that using harvesting experiments to estimate total leaf growth 
results in considerable underestimations (in the order 5-15%) of production throughout 
the year. 
A surprising feature is that the harvest on 30 May produced more material than 
actually grew during the time period represented by the harvest. This is in fact possible, 
because the harvest incorporates both structural material and the carbon storage pool, 
whereas the production of leaf material (fig. 4.33) represents the growth of new 
structure only; the anomaly is explained in terms of harvesting a large quantity of 
storage material. 
When grass grows in the presence of grazing, a certain amount of material will 
senesce and die without being grazed. Harvesting experiments may therefore adequately 
describe the total growth available to the grazing animal, although this should not be 
confused with the total growth that actually occurred. 
4.7 General conclusions. 
These may be summarised as follows: 
(i) Light, as the energy source, was the primary determinant of pasture production 
both in the open and beneath trees. Considering pasture growth beneath trees, total 
amounts of growth closely related to the availability of light energy when using a linear 
photosynthetic response function, but were somewhat greater when using a non- 
rectangular hyperbola to describe the photosynthetic response. 
The main effect of temperature on grass growth was to limit the length of the 
growing season. Reduced photosynthetic rates associated with lower temperatures or 
exposure were compensated for by lower levels of maintenance respiration. The choice 
of function relating various parameter values to temperature was important. 
Increases in light intensity will increase a site's optimal stocking density, the 
effect being greater at high temperatures than at low ones. However, increasing 
temperature at low light intensity may actually decrease the optimal stocking density 
because increases in respiratory costs cannot be compensated for by increased 
photosynthesis because of lack of light energy. 
The nitrogen version of the model suggested that leaves may acclimate to their 
light environment such that maximal rates of net photosynthesis are achieved (i.e. that a 
linear photosynthetic response might be more appropriate than a non-rectangular 
hyperbola when using a simpler model that does not take account of such adaptation). 
However, the levels of nitrogen required to achieve this effect were very high; full 
adaptation may not in fact occur in reality. Nevertheless, a limited degree of acclimation 
is likely to occur in response to long-term shading , and therefore the use of a fixed 
photosythetic response curve for all leaves within a sward will necessarily incur some 
error. For this reason, the use of both the linear and non-rectangular hyperbola 
photosynthetic response was examined extensively for the simpler carbon-only version 
of the model (i.e. one function could not definitely be chosen as being a better predictor 
than the other). 
Rates of pasture production showed strong seasonal trends associated with 
variation in light and temperature. 
The model was most sensitive to parameters relating to photosynthesis, and the 
partitioning of assimilate into new structure. Because of levels of uncertainty about the 
true quantitative value of parameters associated with these phenomena, attention was 
focussed on the trends of model predictions (throughout a year, or for different shading 
levels) rather than on absolute quantitative output. 
The use of a fixed value for specific leaf area, rather than relating it to light 
intensity by means of empirical equations, may considerably underestimate amounts of 
pasture growth in the agroforest situation. 
In contrast, the use of equations relating shoot:root partitioning (4) to light 
intensity had little bearing on model output, when compared to the use of a single 
constant value of 0 of 0.9. 
A comparison of the use of hourly and daily time steps to predict total amounts 
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of growth over a growing season produced remarkably similar results. However, the 
use of a daily step resulted in a later start and an earlier finish to the growing season. 
Similar levels of pasture growth resulted from using a uniform average level of 
shading and when simulating the heterogeneous light environment created beneath 
trees. When using a non-rectangular hyperbola to model the photosynthetic light 
response curve, slight increases in production resulted when using uniform shade 
because of diminished light-saturation of the photosynthetic apparatus. 
Testing the model against an experimental data set produced sensible 
predictions for both open-grown growth, and growth in various agroforest scenarios. 
Care must be taken when interpreting the results of harvesting experiments. 
Low temperatures actually increase above-ground biomass because of reduced turnover 
rates. A certain proportion of growth, increasing with temperature, will always be 
missed in such experiments because of turnover. 
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5.1 Implications of the models for agroforestrv research. 
Here, "research" is taken to be both field and laboratory work, and future 
modelling work. This section therefore both highlights areas in which scientific 
knowledge and data are lacking, and describes particular aspects of the modelling work 
which should be included in any future modelling effort. 
5.1.1 Tree growth at wide spacings. 
The models have highlighted a number of areas requiring further research relating 
to tree growth in general, and a number of aspects which are important specifically to 
the growth of agroforest trees. These areas can be conveniently subdivided into 
structural, morphological and physiological aspects of the system. 
5.1.1.1 Structural aspects. 
The model FORESTS has shown that, not surprisingly, tree dimensions, and in 
particular crown dimensions, are of major importance in determining light interception 
by trees, and hence their growth. The model has also demonstrated that modelling the 
process of light interception by widely spaced trees is by no means simple, and 
highlighted inadequacies resulting from a lack of suitable data for their crown 
dimensions. In tree growth modelling, it is essential that progress be made in the 
representation of canopy structure in terms of leaf area and its spatial distribution, and 
leaf age classes (Landsberg, 1981). 
The model FORESTS has shown that any future modelling work must take account 
of the complicated interaction between radiation and stand geometry. The model user, is 
provided with a choice between three light interception routines of varying complexity 
(2Dabove, 3Ddiffuse and Mall). All three operated on the premise that photosynthetic 
production is a linear function of light absorbed; this is justified in §3.5.1. Other 
models (e.g. McMurtrie and Wolf, 1983; Makela and Han, 1986) operate on a similar 
principle by assuming that photosynthesis is given by a fraction of the maximum rate 
corresponding to complete light interception. The 2Dabove routine assumes that all light 
impinges from above in rays perpendicular to the ground surface, and has the advantage 
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that it is rapidly and easily calculated by a single integral equation. Other models (e.g. 
Doyle et a!, 1986) have used a similar approach. However, results (§3.6.1) clearly 
indicate that this routine underestimates light interception by trees. This is to be 
expected, because in reality radiation impinges from zenith angles other than zero, and 
therefore has a reduced probability of penetrating through gaps between trees. This 
finding is supported by the model of Satterlund (1983), who considered the interception 
of direct beam radiation by a conifer stand, and concluded that time of day (sun 
position) had a marked bearing on light interception. This effect of radiation geometry 
will vary with latitude. At lower latitudes the significance of gaps between trees as 
avenues for light to penetrate through increases. Considering agroforest systems as a 
whole, those grown at high latitudes will produce relatively more timber than pasture 
compared to systems at lower latitudes. 
The 3Ddiffuse and Mall interception routines explicitly treated radiation and crown 
geometry, but had a large overhead in terms of computing time. Duncan et al's (1967) 
light interception model included direct and diffuse light, reflection between leaves and 
transmission through leaves, and the authors had to admit that compromises and 
modifications must be accepted in order to make a model simple enough to be solved by 
available mathematical tools. Interestingly, the two routines produced remarkably 
similar predictions for light interception by forest stands. Similarity in output between 
the 3Ddiffuse and Mall routine output does mean however, that a useful simplifying 
assumption which can be employed would be that all radiation is diffuse. 
The light interception routines have demonstrated that light interception is 
particularly sensitive to crown dimensions. It is therefore vital to have good estimates of 
apex angle and crown%. The former was simply assumed to remain constant, and 
without relevant data it was considered inappropriate to assume otherwise. All attempts 
to model crown% were highly empirical and markedly inadequate (3.6.3.2,FS3). 
Many tree growth models (e.g. Makela and Hari, 1986) have not had to explicitly treat 
crown dimensions because they were designed for closely spaced stands, and simply 
assumed a homogeneous canopy. It is clear that for widely spaced trees, and without an 
adequate data set, prediction of crown dimensions constitutes a major hurdle in the 
development of successful tree growth models. Future research must focus on solving 
this problem. 
In addition to crown dimensions, the amount and distribution of foliage in those 
crowns is of importance in determining the quantity of light intercepted. A detailed 
understanding of foliage dynamics is therefore a prerequisite for good growth models. 
Treating foliage as a state variable relies on accurate estimates of the amount of carbon 
partitioned to it and its turnover rate. Attempts were therefore made in FORESTS to 
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predict foliage from other variables rather than treat it as a state variable. Firstly, it was 
simply assumed that foliage area per unit crown volume was constant, and therefore 
depended wholly on crown dimensions. This produced nonsensical results for large 
crowns because of excessive maintenance respiration costs. In reality, foliage elements 
deep within crowns will become shaded and die: in this manner one would expect the 
average foliage density within tree crowns to progressively decrease as crowns enlarge. 
This process should proceed at a reduced rate in open-grown trees compared to more 
closely spaced individuals. 
A unique feature of FORESTS was the choice allowing foliage to be modelled as a 
function of either sapwood area or total basal area, thereby preventing the necessity of 
predicting direct growth and turnover rates of this compartment. On theoretiàal 
grounds, sapwood area is likely to be a better predictor of foliage than total basal area, 
because of the functional relationship between foliage and sapwood conducting vessels 
(3.4). However, it seems likely that in reality it is the amount of foliage that controls 
the sapwood conducting biomass, and not the other way round - the transport system 
will develop in response to demand for water and solutes from the leaves. Using 
sapwood as a predictor of foliage is therefore dubious. The greatest problem, however, 
was predicting sapwood area from total basal area. In the early stages of a rotation (the 
first fifteen to twenty years) when the bole is nearly entirely sapwood, this may limit 
foliage biomass, and the foliage-sapwood relationships then provide a useful modelling 
tool. An encouraging feature when using these relationships was that similar amounts 
of foliage were predicted at canopy closure for stands planted at different spacings 
(3.6.3.2,FS ib). Future work could concentrate on investigating in more detail 
foliage-sapwood relationships in sapwood trees, to establish how they vary between 
agroforest and conventional forestry trees, and whether or not such relationships could 
usefully be employed in future growth models. 
Finally, a useful equation was derived to predict stand height of Scots pine as a 
function of stand age and spacing was developed (3.5.7.1). Field measurements 
would be desirable to validate such relationships. In particular, a lack of data for young 
trees (less than 20 years old), ought to be rectified. 
5.1.1.2 Morphological aspects. 
This section shall consider some of the implications raised by the models relating to 
morphological aspects of bole form, namely taper and wood density. 
Increased taper is associated with trees grown at wide spacing (Bramble et a!, 1949; 
Hamilton and Christie, 1974). An equation was derived (3.5.7.3) to relate individual- 
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tree diameter at breast height to stem volume. This relationship is clearly indicative of 
stem taper. Extrapolation of the relationship to a lOm spacing showed that trees planted 
at lOm spacing typically had an approximately 75% greater diameter at breast height 
than trees planted at 0.9m spacing, i.e. there is a very large difference in bole taper 
between the different spacings. There is clearly a need for field data to validate such 
relationships. 
Most tree growth models do not consider the conversion of stem biomass into 
volume, and those that do typically employ a fixed conversion value (*3.3.4). A review 
of the literature (*3.2.4) showed that variations in stem wood density (which determine 
this conversion) occur as functions of tree age and vigour. The greater vigour of 
widely-spaced trees as compared to those planted at conventional spacings is likely to 
result in reduced wood density, and hence increased stem volume production as a 
function of assimilate allocated to stem. This may be undesirable because the reduced 
strength of low density wood may make it suitable only for pulping. Wood density 
effects were investigated in §3.6.3.2FS2. It was shown that the influence of stand age 
on wood density and stand growth was not particularly great providing that a suitable 
average value was used (*FS2a).  A useful relationship was derived (*3.5.6) relating 
wood density to a measure of competition experienced by trees. Using this, the effect of 
different planting spacings on the density of wood laid down in trees was examined 
(*FS2b). It was shown that stands planted at close spacings produced higher density 
wood than more widely spaced stands in the early stages of the rotation. Typically, the 
wood of trees planted at 2m was 10% more dense than that of trees planted at lOm. 
There is a need for field data to substantiate the density-competition relationship at wide 
spacings, and to investigate more fully the possible extent of the effect of increased 
vigour on wood density in agroforest trees. 
5.1.1.3 Physiological aspects. 
A major assumption in FORESTS was that assimilate produced by trees is a linear 
function of radiation absorbed. The literature review of assimilate production by 
coniferous trees (*3.2.1) suggested several reasons for using such an assumption: 
leaves and shoots become physiologically and morphologically adapted to their 
environment, and photosynthesis as a function of light tends to become somewhat 
linear in the presence of rapidly fluctuating illumination. More detailed models of light 
interception and assimilate production could test this assumption more rigorously. 
Nevertheless, the review of the literature has suggested that research effort invested in 
simply quantifying light interception by trees is worthwhile. 
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Carbon partitioning poses a major problem in tree growth modelling. This was 
largely overcome in FORESTS using age-dependent partitioning relationships, as was 
done by Mohren (1987). However, these equations are highly species-specific, and in 
addition it is easily argued that they ought to vary between spacings. The relative 
demand for foliage in widely spaced trees compared to more closely spaced trees may 
be greater because of their deep crowns. These relationships are, however, likely to be 
an improvement on fixed partitioning coefficients. A further attempt was made by 
assuming that carbon partitioned to stem was the complement of that to foliage, where 
this is predicted from sapwood-foliage relationships. This method did produce sensible 
results, but is clearly dependent on the reliability of the sapwood-foliage relationships, 
which has already been discussed. Although this is a difficult field in which to make 
measurements, there is a need for more research and an improved understanding of the 
mechanisms affecting carbon partitioning in trees. 
Agren (1981) suggests that respiration is only a minor component in the carbon 
budget of forest trees, and therefore deserves little attention. While this may be the case 
for bole and branch respiration, FORESTS predicted significant values for foliage and 
root respiration (fig. 3.30). This further enforces the need for improved foliage 
prediction in tree growth models. 
The traditional argument that declining CM is associated with increasing amounts 
of long-lived photosynthetic tissue (2.4) in the latter stages of a rotation is cast into 
doubt by FORESTS. Firstly, sapwood respiration costs did not increase during this 
period, and secondly, this respiration cost is in any case relatively small compared to 
the total carbon budget of the tree (fig. 3.30). The relative insensitivity of the model to 
wood density as a function of either tree age or competition suggest that this also cannot 
explain the declining CAI trend. However, by relating carbon partitioning trends 
empirically to age a marked declining trend in CA! could be induced (fig. 3.51), and 
when combined with wood density as a function of competition realistic growth curves 
could be simulated (e.g. fig. 3.56c). It is not immediately clear why trees should 
partition relatively less assimilate to stem in the latter stages of a rotation. 
The above sections have clearly shown that there is still much to be learned and 
measured regarding the growth of agroforest trees in Britain. This study supports the 
view of Dale et al (1985) in their review of tree growth models that there is a need for 
more information on many aspects of large tree morphology and physiology. In 
particular, an improved knowledge of crown dimensions, foliage dynamics and carbon 
partitioning trends is required. 
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5.1.2 Impact of trees on the spatial and temporal production of pasture. 
5.1.2.1 Impact of light and temperature on pasture growth. 
Simulated pasture growth rates were closely related to light impinging on the crop, 
whether the light response was linear or predicted using a non-rectangular hyperbola 
(fig. 4.32). This figure shows a comparison of model output with the MLURI 
experiment, and it should be remembered that in this experiment below-ground 
competition was eliminated by growing pasture in boxes (4.6. 1). In other words, the 
model has shown that light is of major importance in determining pasture growth rates, 
but not shown that other factors such as nutrients and water stress are not important. 
Indeed, the poor correlation of model results with the MLURI experiment shown in fig. 
4.29 in late July and early August suggests that the model is deficient with respect to 
possible effects such as a drought during this period. Future experiments and models 
will have to be developed to test the significance of below-ground interactions. 
Temperature had only a very minor effect on pasture growth in the agroforest 
situation, although this aspect of the model was rather poorly parameterised. Improved 
temperature data could make a more rigorous test of temperature effects in the 
agroforest situation possible. 
An important feature of the agroforest environment is the heterogeneity of light 
intensity created at pasture level by the tree canopy. Commenting on their agroforest 
model, Doyle et al (1986) say that, in lowland Britain, because diffuse radiation 
accounts for a significant proportion of energy input, errors involved in assuming 
uniform light levels at the top of the grass canopy are small. In contrast, McMurtrie and 
Wolf (1983), when commenting on their model between trees and grass for radiation, 
suggest that the model was weak because of the assumption of spatial homogeneity. 
Linkage of the tree and pasture models permitted an examination of the significance of a 
spatially heterogeneous light environment on pasture growth to be assessed. The results 
in §4.5.3.2 clearly show that spatial heterogeneity caused little variation in average 
pasture growth rates as compared to growth under a uniform shading regime. This is of 
major consequence for modellers. It means that pasture growth in an agroforest 
situation may simply be modelled on the basis of a knowledge of the average shading 
imposed by a tree canopy. 
An interesting feature of pasture growth highlighted by the modelling is that a 
greater standing biomass of pasture would be expected to occur at lower temperatures 
(although not below the minimum growth threshold) because of slower turnover rates, 
despite lower photosynthetic rates. This has serious implications for experiments which 
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attempt to quantify pasture growth by cutting standing biomass at periodic intervals - 
the frequency of the cutting may bias results. If the cutting is infrequent, then the 
cumulative increment of pasture grown at low temperature will be overestimated 
compared to pasture grown at higher temperatures because in the latter case relatively 
large amounts of growth, which would have been available to the grazing animal, are 
lost as unmeasured turnover. This phenomenon was investigated in §4.6.4, and it was 
estimated that the harvesting experiments carried out in the MLURI experiment could be 
underestimating true production by approx. 5-15%. This analysis was not aimed at 
criticising the methodology of the MLURI experiment - scientists analysing its data 
recognise the drawbacks associated with harvesting experiments. What the model has 
done is to give a useful quantitative estimate of the magnitude to which these known 
errors are taking effect. 
The seasonal variation of insolation and temperature in Britain is considerable, and 
this manifests itself in a very marked variation in pasture production (figs. 4.17, 4.18). 
Temperature was important in limiting growth in the winter months. The optimal 
stocking density of pasture will therefore vary considerably as it is closely related to 
both light and temperature (fig. 4.16). 
When modelling pasture on a seasonal basis, the choice of time step is important. 
This was investigated in §4.5.2.2, where a comparison between using daily and hourly 
time steps was made. In general, the use of the different steps produced remarkably 
similar results (fig. 4.19). A longer growing season is achieved when using an hourly 
step, because of temperatures which are high enough for growth occurring near midday 
in winter months, an effect which is lost by averaging. This is of particular significance 
to the farmer, who will be particularly interested in the length of the growing season. 
Future modelling studies should therefore choose carefully the time step employed. 
5.1.2.2 Physiological adaptation to environment. 
A novel feature of GRAS SGROW was its consideration of physiological adaptation 
to microenvironment. Sheehy et a! (1979) related some of their parameters to time in a 
model of perennial ryegrass growth, but recognised that in reality changes in 
physiological and morphological characteristics of crops were a function of both 
environment and time. It was hypothesised that the different light environments created 
by forest, agroforest and open-growth would produce grass with differing 
physiological characteristics, and that the incorporation of such differences is necessary 
in order to adequately model growth. Three main aspects of physiology were 
investigated: adaptation to different light intensities of the photosynthetic machinery 
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(light response curve), specific leaf area and carbon partitioning patterns. 
It was hypothesised that leaves exposed to different light environments would 
develop dissimilar light response curves. Leaves grown in bright light would be 
expected to accumulate large quantities of carboxylase enzymes for photosynthesis, and 
therefore have a high nitrogen requirement, whereas dimly lit leaves would not be 
expected to invest as much in the acquisition of these enzymes because of their high 
associated respiration cost. In this manner leaves acclimate to the light environment to 
which they are exposed. A very high level of acclimation would generate a more or less 
linear photosynthetic response to light, while little acclimation would result in 
considerable light saturation of the photosynthetic tissues, and a strongly nonlinear 
response. 
A persistent theme throughout the investigation of GRASSGROW was whether a 
linear or hyperbolic light response curve was most appropriate for simulating grass 
growth in the agroforest situation. An immediate question to be answered is as to why a 
nonlinear response curve was considered for pasture growth, when a linear response 
curve was assumed for tree growth model FORESTS. The answer lies in the fact that 
the longevity of tree needles is relatively great compared to grass leaves, allowing 
greater adaptation to the microenvironment in which they develop. The heterogeneous 
light environment at pasture level created by the agroforest tree canopy means that grass 
leaves are likely to experience wide ranges in light intensity over short time invervals, 
suggesting that leaves will be light-saturated at least some of the time, even if 
acclimation is rapid. 
The degree of acclimation which is likely to occur in reality was investigated using 
the nitrogen version of model GRASSGROW. It was realised from the outset that 
various aspects of the nitrogen dynamics, e.g. translocation between plant organs, 
could not be accurately predicted because of unknown parameter values. It was hoped 
that the nitrogen model version would allow a choice of a suitable light response 
function for use in the more empirically-based carbon-only version. Results suggested 
that some adaptation was likely to occur, although the nitrogen requirement for full 
adaptation at high light intensities was large and somewhat improbable in reality. It was 
concluded that the true response is likely to be a variable rectangular hyperbola 
somewhere in between the two extremes of the linear and fixed nonrectangular 
hyperbola responses. 
The modelling has highlighted the potential significance of physiological changes in 
the nitrogen dynamics of pasture exposed to different light regimes. Future work is 
required to understand the nitrogen cycle within agroforest swards more fully, because 
of its effect on net photosynthetic rates and also on the nutritional value of pasture to 
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grazing animals. 
A concomitant feature of the hypothesis that plants exposed to high light take up 
more nitrogen for carboxylase enzymes is that these plants should invest relatively 
heavily in their root systems. Evidence in the literature suggests that shading induces a 
reduction in the amount of assimilate partitioned to below-ground parts (Thomas and 
Davies, 1978; Parsons and Robson, 1981). This effect was quantitatively examined in 
§4.5.2.3.2.3, and it was found that it was not particularly significant. The mechanistic 
function derived to compute shoot:root partitioning, which was based on the relative 
sizes of the carbon and nitrogen pools and hence the relative demand for each element, 
produced remarkably similar predictions when compared to using empirical 
relationships to handle this phenomenon. The model therefore supports the hypothesis 
that plants growing in well lit environments are likely to invest relatively more heavily 
in root systems than plants growing in less well lit environments, although the effect 
was not large. 
Shading tends to cause an increase in the specific leaf area of pasture (Bean, 1964; 
Thomas and Davies, 1978). This was investigated in §4.5.2.3.2.2. Results clearly 
showed that at moderate to height levels of shading (75-90%) an increase in specific 
leaf area resulted in markedly increased production compared to simulating pasture 
without such adaptation. One might then question why all leaves do not in general 
maximise specific leaf area. High specific leaf area causes thin, flaccid leaves. If total 
leaf biomass is considerable, as might be expected in well-lit situations, is is 
disadvantageous for leaves not to be firm and erect, because otherwise self shading 
becomes excessive. 
The model has thus clearly demonstrated the importance of considering 
physiological adaptation to different light environments. This should be an issue of 
paramount importance in future modelling studies and field work. Modellers should be 
wary of the dangers of developing and parameterising models, including complex 
mechanistic models, for known situations (e.g. an open-grown sward), and then 
extrapolating their use for unknown situations (e.g. pasture growing in an agroforest). 
5.1.3 Modelling implications. 
A major feature of the modelling work done in this study was that structural 
sensitivity analysis was done on the mechanistic models: different modelling choices 
(e.g. between the light interception routines in FORESTS) were investigated. This has 
several advantages: 
(i) Modelling options which are simply inadequate (cannot simulate reality in a 
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meaningful or predictive manner) can be discovered and discarded. 
Model output can be compared for different options. Selection of an appropriate 
choice then depends on its ability to simulate reality, and also its cost in terms of 
computer time. The most detailed option, or indeed the one which most closely 
simulates reality, will not always be chosen. For example, consider the light 
interception routines of FORESTS (§3.6.1). The 2Dabove routine was discarded as 
inadequate. However, the 3Ddiffuse routine was selected in favour of the 3Dall routine 
because it was less costly in terms of computer time, and output was not significantly 
improved by using the 3Dall routine. 
The program structure allows easy incorporation of further modelling choices. 
As well as suggesting useful and practical modelling choices, the study has 
demonstrated suitable levels of detail to be used to model system processes. In 
particular: 
In order to model light interception by trees, a complex treatment of radiation 
geometry and canopy architecture is required. Beam radiation, however, need not be 
considered, i.e. all radiation may be treated as diffuse. 
Modelling pasture growth in an agroforest can be effectively done using an 
average level of shading imposed by trees, rather than dealing with a heterogeneous 
light environment at ground level. 
Pasture growth can be successfully modelled using a daily time step, although 
this may cause significant errors towards the ends of the growing season as a result of 
averaging temperature. 
5.2 Predictive success of the models. 
5.2.1 Empirical prediction of timber production as a function of 
competition. 
The distance between individual trees, as well as their size, affects the ability of 
those trees to compete for light. By examining the growth of trees planted at different 
spacings, it was hoped to be able to identify growth trends relating to spacing as a 
function of competition experienced by trees, or simply their spacing alone (chapter 2). 
Numerous forest growth models exist based on regression analysis on growth records 
(e.g. Forestry Commission Yield Tables: Hamilton and Christie, 1973; Irish yield 
tables: Kilpatrick, 1978; Pinus radiata in Tasmania: Candy, 1989). Particular growth 
functions are often derived, which may have no biological basis (e.g. Lemmon and 
Schumacher, 1962; Beck, 1974; Hegyi, 1974). Unfortunately, these models have not 
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been derived for trees growing at agroforest spacings. 
CAI patterns were examined for Scots pine data (Forestry Commission), and for a 
radiata pine data set originating from South Africa. Analysis of growth trends at 
different spacings demonstrated an "envelope" representing maximal use of light energy 
impinging on the site (2.4). This is not surprising, because the foliage in a tree stand 
tends to achieve a ceiling value as the canopy closes (Long and Turner, 1975). A critical 
feature of stands planted at different spacings is the rate at which their canopies close, 
thereby reaching this envelope. This justifies the large investment of effort put into 
modelling light interception in relation to crown and radiation geometry in the 
mechanistic tree growth model FORESTS. 
It had been hoped to find evidence for an asymptote representing maximal tree 
growth under competition-free conditions. However, this could not be found even for 
widely spaced radiata pine trees grown in South Africa. 
The absence of a CAI asymptote for stands planted at different spacings suggested 
that considerable competition was occurring between trees for resources such as light, 
even at wide spacings. Woollons and Whyte (1989) showed that competition was 
occurring even by year 10 for widely spaced (200 to 400 stems per hectare) radiata pipe 
trees in New Zealand. An obvious continuation was therefore to try and relate stem 
volume increment to this competition, quantified by means of competition indices. Not 
surprisingly, it was found (2.5) that distance-independent indices were ineffective for 
investigating trees planted at different spacings, a result supported by Martin and Ek 
(1984) who concluded that such indices are inappropriate for studying the effect of 
spatial arrangement of trees. The distance- dependent indices proved more useful, and 
the index "volume/growing space" was used to derive a growth model, CIMODEL. 
Linear relationships relating CAI to competition were derived from the South African 
data set in this model, which then permitted a growth estimate for open-grown 
(competition-free) radiata pine trees. Unfortunately, the same could not be performed 
for British stands, because of the inadequacy of the data base. 
Competition measures are clearly limited by their highly empirical nature. 
Competition between trees for light is a complex function of spacing, crown 
dimensions and solar geometry. This may be captured in an index which has been 
parameterised against a wide range of spacings, but extrapolation is obviously 
dangerous. An absence of British data for spacings wider than 4.5m therefore 
hampered this approach. In addition, it may be erroneous to assume that growth is 
primarily a function of competition. Bella (1971) concluded that when using 
competition indices the main problem is separating the competition effect from other 
factors, such as tree history, genetic characteristics, microsite and climatic variation. 
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As a final alternative, it was decided to attempt a direct extrapolation of growth 
trends of forest stands grown at wide spacing in South Africa to British stands (2.6). 
To do this, it was necessary to assume that the underlying shape of the growth curves is 
essentially the same between different localities; only their magnitude and rates differ 
according to species and spacing. This is reasonable if it can be shown that: 
The shape and size which crowns assume is chiefly a function of spacing, the 
rate of development being a function of species and site quality. 
CAI is largely a function of light interception, which is primarily affected by 
crown dimensions, spacing between individuals and the radiation geometry. 
Clearly, these assumptions are open to criticism, but in the event of lack of success 
in the previous analyses it was considered that this approach was worth attempting. The 
resulting model, CAIFORMS, operated on the principle of dividing stand or 
individual-tree growth into two stages corresponding to before and after canopy 
closure. The stand approach did produce results which allowed growth of coniferous 
stands in Britain for spacings in the range 2.0 to 9.0 m to be predicted with a reasonable 
degree of accuracy. The predictions of CAIFORMS must be treated with some care in 
that they represent growth in the absence of management practices such as pruning, and 
also because the model was parameterised against a South African data set. Pruning 
causes an increase in the average wood density produced within stems, and therefore 
volume estimates provided by CAIFORMS may somewhat overestimate that which 
would occur in a managed agroforest situation. Conversely, the greater average zenith 
angle experienced by British stands compared to South African stands means that the 
relative light intercepting capacity of the former will be greater; on this basis, 
predictions based on the current parametensation of CAIFORMS may therefore be 
slight underestimates. Should the situation arise whereby data did become available for 
widely spaced British stands, the model could be easily reparameterised. In the abserke 
of real field data the predictions provided by CAIFORMS must provide the best 
estimate of agroforest timber production for coniferous stands grown in Britain. 
The lack of confidence in the results of these empirical modelling analyses stem 
from an inadequate British data base for parameterisation purposes, and the fact that 
system processes have not been explicitly treated (which makes extrapolation 
dangerous). In addition, empirical models are of somewhat limited value because they 
cannot be easily used to predict growth under silvicultural practices such as pruning, or 
using alternative planting configurations such as line spacing. For these reasons, and 
also to allow successful coupling with the pasture growth model (chapter 4), a 
mechanistic model of forest growth, FORESTS, was designed and implemented. It was 
hoped that simulations produced by FORESTS could be compared with the empirical 
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output of CAIFORMS. 
5.2.2 Predictive success of FORESTS. 
It is clear that, as a predictive model, FORESTS has been largely unsuccessful, 
because of inadequate knowledge and data on various aspects of agroforest tree growth 
which have already been discussed in §5.1. An attempt was made (3.7) to 
parameterise the model using Forestry Commission data for Scots pine stands of 2.5 
and 3.Om spacings, and then to use the model predictively to simulate growth at 2.0 and 
4.5m spacings. This parameterisation produced a set of parameter values (table 3.11) 
that was relatively insensitive to spacing and was therefore deemed unsuccessful, 
despite the large number of parameter value combinations attempted. To investigate the 
model further, it was ascertained whether any parameter value combination could 
successfully fit growth curves to the 2.0, 3.0 and 4.5m spacing data. This 
parameterisation did suggest that the model had enough plasticity to describe the 
variation seen in reality. However, this was perhaps not surprising when one considers 
the large number of degrees of freedom provided by so many parameter value 
combinations. In other words, just because a reasonable fit was found, this does not 
justify the model as adequate. Various reasons were cited in §3.7.5 for why the 
resulting parameter values (table 3.12) were not sound. Because of this, and a lack of 
confidence in some of the modelling assumptions, it was decided that there was little 
merit in pursuing FORESTS further for predictive purposes. 
It is interesting that a model which includes many of the postulated mechanisms 
about tree growth could be of such little predictive use. There is still experimental work 
to be done in this field before all the necessary aspects of tree growth are adequately 
understood, along with the relevant data bases to describe them. 
It had been an initial objective to model growth of trees and pasture in conjunction 
with each other over entire tree rotations. This, however, was not attempted because of 
the predictive inadequacy of tree growth model FORESTS, and a lack of information 
about tree characteristics and growth rates for widely spaced stands (see §3.7.5). 
Nevertheless, the tree and pasture submodels have been successfully combined to 
give shorter term (over a single growing season) predictions for pasture growth for any 
particular agroforest situation. It is hoped that in the event of suitable data becoming 
available in the future, the model could be extended to predict growth of trees, pasture 
and sheep over entire rotations. 
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5.2.3 Predictive success of modelling pasture. 
The initial comparison of simulation results produced by GRASSGROW for 
open-grown pasture with data from the MLURI experiment (4.6.2) showed that, 
although the growth trends (shape of the growth curves) were similar, the absolute 
magnitude of model predictions was not particularly good. Having reached this stage, 
the aim was then to proceed to use the model predictively for agroforest (shaded) 
situations. Two options then presented themselves: 
Model parameters could be adjusted until good agreement was obtained between 
model output and experimental results (i.e. the model could be re-parameterised). 
It could be assumed that the model is behaving sensibly as it is, and that model 
predictions for shaded situations as a fraction of predictions for open-grown equate to 
actual pasture growth in shade as a fraction of actual open-grown. This approach is 
acceptable if there are relatively few non-linear effects in the model. 
It was considered both reasonable and practical to adopt the second approach, 
because many model functions were linear. The predictive success of the model using 
this approach was good (4.6.3). 
It must, however, be remembered that the MLURI experiment eliminated below-
ground competition for nutrients and water. The model has been demonstrated to 
simulate pasture growth as a function of incoming light in a reasonable manner, but 
further work remains to assess the impact of other environmental variables on pasture 
growth in an agroforest situation. 
5.3 Further modelling work. 
This section shall briefly consider some future extensions which could be made to 
the modelling work done in this study. 
5.3.1 Tree growth modelling. 
The major constraint to the employment of empirical models to predict the growth 
of agroforest trees is lack of data. Nevertheless, model CAIFORMS (2.6) produced 
useful predictions for timber production at wide spacings. Parameter settings (P 1 . P, 
M1 , M2) were fitted by eye, and an improvement in this model would be to design an 
objective fitting method. 
Areas where FORESTS could be improved are: 
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Light interception. In tree growth modelling, it is essential that progress be made 
in the development of canopy structure in terms of leaf area and its spatial distribution 
and leaf age classes (Landsberg, 1981). The assumption of uniform foliage distribution 
within crowns, and a lack of information on crown dimensions, constrained 
FORESTS. The model assumed a horizontal site. A useful extension would be to allow 
the trees to be situated on a slope; Satterlund (1983) showed that this had a major 
impact on light interception. Further investigation into the assumption that assimilate 
production is linearly related to light intercepted is required. 
It was assumed that foliage was uniformly distributed within the volume occupied 
by tree crowns. Grace eta! (1987) comment that provided the canopy is continuous, the 
assumption of a random foliage distribution does not produce excessive errors, even 
when foliage is non-randomly distributed. A uniform distribution of foliage within tree 
crowns is therefore a reasonable assumption. Absurd results are, however, obtained if a 
homogeneous foliage distribution is assumed over the entire ground area, and plants are 
widely spaced (Jarvis and Leverenz, 1983). Future modelling work could investigate 
the significance of non-uniform foliage distributions within individual tree crowns. 
Carbon partitioning. More data are required, and information on how 
partitioning trends are likely to vary with spacing. 
Environmental variables other than light could be added to regulate growth. Of 
particular importance is water availability, which may limit growth during summer, 
even although light intensity is high. Agren and Axelsson (1980) included water 
availability in their tree growth model, and attributed a pronounced dip in growth in 
mid-summer to low water potential during that period. FORESTS assumed that all 
competition was between foliage elements for light. There may in fact be competition 
also below-ground for nutrients and water. 
Windthrow may be a major problem in widely spaced trees in Britain. An 
attempt to model the probability of this occurring, based on tree characteristics, would 
therefore be valuable. A detailed model of root structure and bole form would probably 
be required. 
FORESTS assumes that all trees are of equal size and have the same 
characteristics. It would be interesting to include variability between individuals (e.g. in 
terms of growth rates, or partitioning trends), and then examine how this affected the 
timber production of the stand. 
5.3.2 Pasture growth modelling. 
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The pasture model GRASSGROW has highlighted the importance of physiological 
adaptation of pasture in an agroforest. Future experiments could be designed to assess 
this adaptation in more detail. Aspects for improvement in GRASSGROW are: 
An improved understanding of nitrogen dynamics, and how these relate to light 
environment, would mean that the nitrogen-version of the model could be used as the 
main predictive version, rather than the carbon-only version. 
The model is constrained by its inability to handle water stress, as was shown 
in §4.6.2. This could be included as a new variable. 
The handling of the effect of shelter on temperature in an agroforest (4.4.5.9) 
was somewhat simplistic, by assuming a linear temperature decrease with increasing 
shade and wind. A more detailed model could be constructed to more explicitly handle 
the thermodynamics of the system. 
Pasture was assumed to be a uniform mass in GRASSGROW. A further 
extension could be to make it a mixture of pasture species (e.g. a sown sward of grass 
and clover), which could compete for environmental resources, and react differently to 
grazing. The model could be used to study the change in species composition which 
might accompany long-term changes in light environment. 
5.3.3 General considerations. 
The modelling effort has failed to produce a complete integrated agroforest model. 
Completing such a silvopastoral model would involve: 
Improving predictions for tree growth at wide spacings. 
The dynamics of grazing animals, e.g. sheep, would have to be included in a 
new submodel. Interaction between animals and the remainder of the system would 
have to be carefully simulated. 
On completion of the biological model, economics could then be 
superimposed. 
5.4 Conclusions. 
In conclusion, it is worth considering how well the study has met the objectives 
stated in §1.8. 
If predictive ability is considered the sole criterion for success then much of this 
study has been of limited value. Timber production of coniferous tree species at 
agroforest spacings in Britain was successfully achieved using model CAIFORMS 
(2.6.3), although field data to validate the predictions do not exist. The mechanistic 
treatment of forest growth, model FORESTS, did not reliably predict timber production 
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by trees. Indeed, the lack of confidence in the predictive ability of this model meant that 
tree and pasture models could not be combined to predict the production of pasture 
under trees over an agroforest tree rotation. The pasture model, GRASSGROW, did 
successfully predict growth as a function of incident light on the crop. 
Agren (1981) argues that our present state of knowledge does not warrant the high 
resolution often used in today's tree growth models. In contrast, the findings of this 
study have often supported the view of Thomley (1977), that there is more to be gained 
from work at the submodel level than in whole crop simulation, although work at the 
latter level is valuable in pin-pointing problems at the submodel level. Showing where a 
model does not perform well is often as important as showing where it does (Tett et al, 
1986). Models, through their ability to combine information about different aspects of a 
system, are therefore highly useful statements about our overall understanding of 
system dynamics. 
Models designed for predictive purposes require high quality information to 
parameterise them. However, less accurate information can be gainfully employed in a 
model, if only to demonstrate the inadequacies of the data and direct further study in 
that area (Johnson et al, 1985). Some areas of this research project, notably FORESTS, 
endured poor predictive success, but have indicated areas where scientific 
understanding is lacking, and which are therefore in need of further research. 
Regarding trees, the models have demonstrated that an improved understanding is 
required in agroforests of crown dynamics, carbon partitioning patterns, wood density, 
sapwood dynamics and respiration. The pasture model, as well as being successful 
predictively, highlighted areas requiring particular attention, notably the physiological 
adaptation of pasture to an agroforest environment including effects such as increase in 
specific leaf area, decreased assimilate partitioned below-ground and a decreased 
demand for nitrogen in the presence of shade. 
Finally, the use of structural sensitivity analyses has successfully shown sensible 
modelling approaches and levels of detail which are most appropriate for modelling 
trees and pasture in an agroforest. 
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A summary of the computing resources used for modelling purposes is given 
below: 
Use of a mainfraim computer. Mainfraim work was done on EMAS (Edinburgh 
Multi-Acess System), the computing service being provided by ERCC (Edinburgh 
Regional Computing Service). Programming was done in FORTRAN. This provided 
the computing speed and memory storage capacity required for running models with a 
heavy computing load (chapters 3 and 4). Using FORTRAN, however, results in a 
relatively unfriendly user interface. In particular, it is difficult to write routines for 
graphical output, and such routines necessarily involve user-supplied routines, thereby 
reducing the portability of the models. As a consequence, data produced from models 
coded in FORTRAN was often plotted graphically by transferring it to microcomputers 
(Apple MacIntoshes) which are more suitable for this purpose. 
Use of Apple MacIntosh microcomputers. These computers have the major 
advantage that user-friendly interfaces can easily be constructed (e.g. see chapters 2 and 
4), and that results can easily be plotted on the computer screen for instant viewing. 
Programming was done in MacIntosh Basic and MacIntosh QuickBasic. The latter has 
the advantage that it can be compiled and therefore runs considerably (as much as an 
order of magnitude) faster. MacIntosh QuickBasic was not available until the latter 
stages of the study, and therefore earlier work (chapter 2) was done using MacIntosh 
Basic. 
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AnDendix 2 : Ontimisation of narameters bjJ.zJi . b2 
Two methods of optimisation were attempted: 
Stepwise optimisation of parameters. 
SAS 
1. Stepwise optimisation of parameters. 
Typical curves relating to light interception to crown height for different light 
extinction coefficients, for an apex angle of 20° and a spacing of 6.0 m, as predicted by 
the 3Ddiffuse interception routine, are shown below in fig. A.2.1 : 
Figure A2.1 Light interception as a function of crown height and light extinction coefficient.v. 







crown height (m) 
These curves may conveniently be described by Gompertz function of the form: 
%L = lOOexp(-Fb.exp(-Fk.CHT)) 
where %L = percentage light intercepted 
CHT = crown height (m) 
Fb, Fk are parameters, which vary with tree apex angle, Aapex  spacing and light 
extinction coefficient, V. 
For a range of spacings between 2.0 m and 10.0 m (steps of 2.0 m), and for each 
spacing a range of extinction coefficients between 0.2 and 2.4 m 1 (steps 0.2 n1 1 ), best 
fit values for Fb  and  Fk  were computed, optimisation being based on minimising the 
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Figure A2.2. Fitted lines after optimisation of Fi, and Fk . for 2 and lOm spacings. and for 
three light extinction coefficients.  
fitted lines 
output from 313diffuse 
V 0.4 0.8 2.0 
spacing 2 10 2 10 2 10 
Fl, 7.34 8.43 7.48 7.91 7.08 7.16 
0.66c 0.237 0.839 0.251 1.013 0.258 
sum of squares of percentage error of predictions, not absolute error. Examples of fit 
for 2.0 and 10.0 m spacings (both ends of the range of spacings under consideration), 
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crown height (m) 
Next, for each spacing, relationships were derived equating Fb  and  Fk  to foliae 
extinction coefficient, v (md), these being of the following form: 
Fb = 10(log(b1 - Fbl.exp( -b2.5v))+b3) 
b6Fk2 - (5v.b7  + Fk!)Fk + 5vb7Fkl = 0 
where b 1 , b2, b3 , b6 and b7 are parameters, which remain constant for a particular 
apex angle. 
Fbi and Fkl are parameters, which vary for different combinations of spacing and 
apex angle. 
Because of edge effects encountered when using the 3Ddiffuse interception routine 
with very low foliage densities and/or close spacings, predictions of Fb  and  Fk  for 
v=0.2 m-1 and predictions of Fb for 2 m spacing were omitted from subsequent 
analyses. Examples of fits for the above equatins, for apex angle 20°, are shown in fig. 
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Figure A2.3 Parameterisation of b 1 . . b3. b6. b 7. Fbpnd Fkifor apex angle 20% and 
various spacings between 2 and lOm. 
b1 = 1.79, b2 = 0. 1675, b3= 0.07 
b6= 0.527, b7 = 0.530 
fitted lines 
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V (rn) 
Finally, for a particular apex angle, the parameters Fbi  and FkI  were related to 
spacing (m) or stand density (stems ha 4) by the following equations: 
Fbi = 44.spacing + b5) 
ki = exp(b8.density + b9) 
The fit of these lines, for apex angle 200,  is shown overleaf: 
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spacing symbol Fbi F11 
2 • not used 1.125 
4 o -0.430 0.595 
6 -0.470 0.419 
8 a -0.525 0.325 
10 e -0.540 0.265 
0.4 	0.8 	1.2 	1.6 	2.0 	2.4 
V (rn-i) 
2 	4 	6 	8 	10 	12 
spacing (m) 
Figure A2.4 Parameterisation of 1% 1 and Bc 1 . for apex angle = 20. 
b4 = 0.0193, b5 = 0.3565 	 N = 0.4476, b0 = -3.3894 
A K-i 
- F i 
4 	5 	6 	7 	8 
logdensity 
Unfortunately, there was no obvious way to equate parameters b 1 - b9 to tree apex 
angle, Aapex.  However, because Aapex  was assumed not vary during a simulation run 
of the model, there was no real need to incorporate this as another variable in the 
equations. 
Examples of the reliability of these equations at predicting light interception, for a 
range of apex angles, spacings and light extinction rates, are illustrated overleaf in fig. 
A.2.5. 
SAS is a large data-analysis package, which allows equations to be fitted to data 
sets. For further details see SAS (1988). 
Use of the package involved the following steps: 
Incorporation of data into suitable input files. 
Input of data. 
Definition of equations and parameters relating data points (% light intercepted) 
to known variables (crown height, v and spacing). The equations described in part 1. 
above were specified. 
Input of sensible estimates for parameter values (1i - b 9). 
Running the package to find best fit values for b 1 - b9. 
Display of results. 




Figure A2.5 Comparison of 3Ddiffuse output and fitted ecivations relating % light intercepted to 
crown height (m. light extinction rate. v(m 4)  spacing (m) and apex angle (degrees. 
3Ddiffuse output 





- 	 crown height (m) 
b) Apex angle= 20. 
LI,',] 
50 
LA 5 10 	 15 
crown height (m) 
c Apex angle= 30% 
100, 
50 
0 	 5 
KEY 2 spacing (m) 
6 	10 
	
0.4 1 	4 7 
Hv(m )0.8 2 5 	8 
2.0 3 	6 9 
lb 	 .. . 
crown height (m) 
squares of deviations of equation predictions from data points (output from routine 
3Ddiffuse). The method is advantageous in that it optimises parameters b 1 - b9 
simultaneously, rather than in a stepwise fashion as in part 1 above. 
The results of using SAS to optimise parameters b 1 - b9 for the results for apex 
angle 200  are tabulated below. To minimise edge effects, data values relating to v=0.2 
M7 1  were omitted from this optimisation. 
Table A2.1 Results of par  ameterisation of hi - b) . for apex angle 200.  using SAS. 
b1= 9.16446 1)4= 0.214796 b7 = 0.626103 
b2 = 0.16447 b5= 0.401965 b= 0.460995 
1)3= -1.36864 b6 = 0.34265 b9 = -3.36183 
Fitted lines relating to these predictions, for spacings of 6.0 m and 10.0 m are 
shown in figure A.2.6 below: 
Figure A2.6 Comparison of equations fitted by SAS. and output from routine 3Ddiffuse. for 
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Appendix 3 Tables of mean temperature. relative humidity and sunshine 






Manchester 530 21'N 02° 16'W 
Glasgow 




Kew (London) 510 28'N 00° 19W 
Table A3.1 Mean temperature CO 
Plymouth 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Ref. 
6.2 	6.1 	7.1 	8.8 	11.4 	14.2 	15.7 	15.8 	14.3 	12.1 	8.8 	7.0 1 
Manchester 3.8 4.0 5.7 5.9 11.3 14.3 15.4 15.4 13.4 10.5 6.4 4.4 1 
Glasgow 3.6 3.7 5.1 7.3 10.3 13.2 14.3 14.2 12.3 9.8 5.5 4.3 1 
Kew 4.2 4.5 6.6 9.5 9.5 15.9 17.5 17.1 14.9 11.6 7.5 5.3 2 
Table A3.2 Relative humiditv(%) averaged over 24 hours. 
Plymouth 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Ref 
88 	88 	86 	83 	82 	83 	84 	85 	86 	87 	86 	88 1 
Manchester 86 84 79 75 71 73 77 78 79 84 85 87 1 
Glasgow 88 85 82 79 76 77 79 82 84 86 88 89 1 
Kew 88 84 79 73 72 70 72 75 80 85 88 89 3 
Table A3.3 Sunshine hours (average per day). 
Plymouth 
Jan Feb Mar 	Apr May Jun Jul Aug Sep Oct Nov Dec Ref. 
1.87 	2.86 	4.23 	6.07 	7.04 	7.27 	6.53 	6.09 	4.93 	3.63 	2.30 	1.82 1 
Manchester 1.27 2.19 3.52 	4.79 5.93 6.37 5.00 4.90 3.97 2.98 1.64 1.21 1 
Glasgow 1.15 2.20 3.04 	4.90 5.95 6.04 5.14 4.60 3.53 2.45 1.55 0.98 1 






y =a, + bx 
where: y = wood density (g cm 3) 
x = competition index (m 3 m 2) 
95% confidence interval 
estimate estimated standard error lower upper 
2.3023 F ab 0.3448 1.9575 3.0266 0.3535 0.01017 0.3321 0.3749 
Parameters katm and Dff ( 43.5.3. 1). 
95% confidence interval 
estimate I estimated standard error 
	
lower 	I 	upper 
H katni 0.310 0.0176 0.262 1 0.338 Dff 1 0.400 0.022 0.353 0.447 
Parameters 	 (3.5.7.1) 
estimate 	estimated standard error 
95% confidence interval 
lower upper 
zi 0.000005260 -0.000204873 
-0.00014187 0.000015422 -0.000172186 -0.000111558 















___ ____  
estimate 	estimated standard 	ror 
95% confidence interval  
lower upper 
rV2 
 56.959 0.71389560 55.556031 58.362466 
v12 0.03770 0.00056227 0.036596 0.038807 
 1.07460 0.00428306 1.066177 1.083014 
Parameters b1j22  .... b (3.5.2.3) 
The table below shows confidence interval for a tree apex angle of 20 ° . The 
intervals are clearly very wide, and this table simply serves as an example of the 
unreliability of estimated parameter values. Tables for other apex angles have therefore 
not been included. 
estimate 	estimated standard error = 
95% confidence interval 
lower 	upper 
b i 1.790 312.0 -610.5 614.1 
b2 0.1675 0.1611 -0.149 0.484 
0.070 173.5 -340.4 340.5 
b4 0.0193 3.150 -6.16 6.20 
b5 0.3565 62.01 -122.64 122.35 
b6 0.527 0.253 0.030 1.024 
b7 0.530 0.120 0.295 0.765 
0.4476 0.0184 0.4114 0.4838 
b9 3894 00964 3.5787 -3.2001 
Note that the statistics in (2), (3), (4) and (5) involve non-linear regressions. These 
were done using the statistics package SAS (SAS, 1988), using the "NONLIN" 
procedure with "METHOD=DIJD". The package itself warns that non-linear confidence 
intervals can only be estimates. 
Appendix 5 : List of parameters and suggested values in FORESTS, 
parameter 	description values units 	species 	reference 
CXeff photosynthetic efficiency 1.42-1.80 kg GJ 1 SP 1 
k light extinction coefficient 0.62 dimensionless SP 1 
0.60 U 2 
Qin energy input per year (PAR) 1.603 GJ m 2 yr4 Plymouth § 
1.376 Man'ster § 
1.282 Glasgow § 
Yg conversion efficiency (stem) 0.700 kg kg-1 SP 1 
0.705 SP 3 
0.600 U 2 
0.650 DF 4 
0.742 DF 5 
Y 01 conversion efficiency (foliage) 0.721 kg kg 1 DF 5 
Sne life span of needles 5 years DF 5 
3-4 SP 10 
3-4 SP 11 
2(-4) SP 8 
2 SP 9 
S, life span of sapwood 15 years DF 5 
SLA foliage specific leaf area 1.72 m2 kg SP 6 
Mf01 maint'ce resp. coeff. : foliage 0.58 kg kg 1 yr 1 DF 5 
1.0 DF 4 
Msap  maint'ce resp. coeff : sapwood 0.0214 kg kg yr4 DF 5 
0.025 DF 4 
kb coeff. relating RMf01 and '"1b 0.1111 dimensionless SP E # 
k coeff. for computing RM tOt  0.25 dimensionless SP E # 
C1 partitioning parameter (stem) 0.35 dimensionless SP 6 
0.20 U 2 
0.40 DF 4 
C2 partitioning parameter (stem) 0.0 dimensionless SP G 
Cf01 partitioning parameter (foliage) 0.25 DF 4 
M crown% parameter 1.83- m NS 7 
3.05 t NS 7 
a crown% parameter 44.9- % NS 7 
39.0 t NS 7 
Smax crown% parameter 100 dimensionless U G 
a 	tree apex angle 	 15 	degrees 	SP 	0 
§ : calculated using SOLAR2S 
#: estimated from Agren and Axelsson (1980) 
high quality site 	f : low quality site 
Species: 
SP: Scots pine 	DF : Douglas fir 	NS : Norway spruce 
U : unspecified conifer 	E = estimate G = guesstimate 
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References: 
Jarvis and Leverenz (1983) 
McMurtrie and Wolf (1983) 
3 : Agren and Axeisson (1980) 
Mobren eta! (1984) 
Mohren (1987) 
Mäkelä and Han (1986) 
7 :Kramer(1966) 
8 : Ovington (1957) 
Beadle eta! (1982) 
ilonen et a! (1979) 
Kellomäki et a! (1980) 
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AGE = stand age, years 
ASSIM = gross assimilate, kg CH20 ha-1 y 1 
ASSIMFOL = assimilate partitioned to foliage, kg CH20 ha-1 y 1 
ASSIMNET = net assimilate, kg CH20 ha-1 y 1 
ASSIMSTEM = assimilate partitioned to stem, dimensionless 
AWD = average wood density in sapwood rings, kg m 3 
BA = total basal area at breast height, cm 2 tree- ' 
CPbrCh = fraction foliage partitioned to branches, dimensionless 
CPFOL = foliage partitioning coefficient, dimensionless 
CSTEM = fraction net assimilate partitioned to stem, dimensionless 
CTN = competition index, m 
DBH = diameter at breast height, cm 
DENSPL = planting density, stems ha 1 
PA = foliage area per tree, m2 
FA = foliage area ignoring wood conductivity effects, m 2 
FOLthffl = foliage loss due to thinnings, kg ha 1 y 1 
FRACSTEM = fraction above-ground assimilate partitioned to stem, dimensionless 
HT = tree height, m 
HT100 = height at which crown% diverges from 100%, m 
%L = % incoming light intercepted by tree canopy, percentage 
Qjn = energy impinging on system throught a year, GJ m 2 y 1 
RMb = branch respiration, kg CH20 ha- I y 1 
RM101 = foliage maintenance respiration, kg CH 20 ha 1 y 1 
RM11 = root respiration, kg CH20 ha-1-  y 1 
RMsap  = sapwood respiration cost, kg CH20 ha-1 y 1 
RM Ø = total maintenance respiration, kg CH20 ha-1 y' 
SA = sapwood area at breast height, cm2 tree-1 
SLA = specific leaf area, m2 kg-1 
STEMthm = stem losses due to thinning, m3 ha-1  Y_ I 
VOL = stem volume, m3 ha-1 
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VOL4J = individual-tree stem volume, m 3 
Wf01 = foliage dry weight, kg ha-1 
Wfolfflc = increment (positive component) in foliage biomass, kg CH 20 ha 1 y 1 
Wsap  = sapwood dry weight, kg ha-1  
Wsm = stem dry weight, kg ha- I 
Wstemiiic = increment in stem biomass, kg ha- I  y1 
YC = yield class 
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1. Assimilate production. 
ASSIM = 100.aeff.Qin.%L 
2. Maintenance respiration. 
RMf01 = Mf01.Wf01 
RMsap = 
RMb = kbf.RMfO1 
RMrt = 	fo1bsap 
RlVtt0t = RMfol + RMb + RM p + RM11 
3. Net assimilate. 
ASSIMNET = ASSIM - RM 0 
4. Partitioning to stem. 
Choices: 
(i) ASSIMSTEM = ASSIMNET.CPSTEM 
Choices: 
CPSTEM = C 1 + C2.CTN 
FRACSTEM = f(AGE) : see page 97 
(ii) ASSIMSTEM = CPAG(1-CPbch).ASSIMNET - 
(Wf01(t)-'Wf01(t- 1)(1-1/S f01))IY 01) 
5. Stem biomass increment. 
Wsteminc = ASSIMSTEM.Yg 
dW stejdt = Wsmjnc - STEMthm  
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6. Foliage area 
Choices: 
FA = f(constant foliage area density, crown dimensions) : see page 98. 
FA = f(sapwood area) or f(total basal area) : see table 3. 1, page 98. 
(ii) Foliage treated as a state variable: 
ASSIMFOL = CPFOL.ASSIMNET 
WfO1c = ASSIMFOL.Y 01 
dWfoldt = Wfolinc(t) - Wfolmc(tSfol) - FOL 
VA PEI  ROMIMI UTTOTMERM 
Choices: 
FA unaffected by sapwood conductivity. 
FA = FA'.kJAWD 
Wf01 = FA/SLA 
AWD = f(SA,BA or HT or S) : see page 99 
Volume increment. 
dVOLIdt = dW/dt.WD(t) 
WD calculated as f(CTN,SF or age) : see page 100 
Height. 
HT = (z1 YC+z21ogDENSp +z3).AGE2 + (z4YC+z5logDENSp +z6).AGE 
Crown%. 
Choices: 
(i) crown% = constant 
crown% = a + (100-a)exp(-0.5(1/s)(HT-m) 2) 
s = (100-%L)/100.SCP1 + SCP2 
(iii)crown%= 100 HT5HTIOO  
253 
crown% = HT 100/HT HT>HT100 
11. Diameter at breast height. 
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DBH = 2(v1V'VOL) 
(1.0/(v2 log DENSPL+ V3)) 
PSET1. 
parameter description values units 
aeff photosynthetic efficiency 1.80 kg GJ 1 
k light extinction coefficient 0.62 dimensionless 
Qin energy input per year 1.376 GJ m 2 yt' 
Yg conversion efficiency (stem) 0.700 kg kg 1 
Y 01 conversion efficiency (foliage) 0.720 kg kg 1 
S sap life span of sapwood 15 years 
SLA foliage specific leaf area 3.5 m kg 1 
1\,'o1 maint'ce resp. coeff. : foliage 0.58 kg kg- I yr- 
MMP 
 
maint'ce resp. coeff. : sapwood 0.0214 kg kg- I yr4 
kb coeff. relating RM f01 and RMb 0.1111 dimensionless 
kTt coeff. for computing RMtOt  0.25 dimensionless 
C 1 partitioning parameter (stem) 0.35 dimensionless 
C2 partitioning parameter (stem) 0.0 dimensionless 
Aapex tree apex angle 15 degrees 
VVDcore  wood density of juvenile core 400 kg m 3 
Vinit initial stem volume (at year 5) 0.0001 m3 tree-1 
PSET2. 
Parameter settings the same as PSET1 except (additional parameters): 
parameter 	description 	 values 	units 
CPAG fraction assimilate partitioned 	0.62 dimensionless 
above-ground 
SF 	scaling factor for wood density 	1.20 	dimensionless 
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Version 1: 
Data input for Scots pine, Yield Class 10. 
Thinning (intermediate) carried out as specified in Yield Tables. 
Crown% constant throughout rotation: 75%. 
Foliage area per unit crown volume constant : 2 m 2 m 3. 
Maintenance respiration is calculated and subtracted from gross photosynthetic 
production. 
Density of newly formed wood is constant throughout rotation: 0.45 g cm 3 . 
Sapwood calculated on the basis of S sap  - life expectancy of sapwood rings. 
Competition has no effect on carbon partitioning (C 2 = 0.0) 
Version 2: 
Settings are the same as for Version 1, except: 
Foliage is calculated empirically from sapwood area: 
foliage area (m2 tree- ') = 0.1375SA - 7.004 : Pinus sylvestris : Whitehead (1978) 
where SA is sapwood area at breast height (cm) 
Wood density is a function of inter-tree competition (CTN, volume/growing space): 
wood density (g cm-3) = (2.3023CTN + 0.3535).SF 
The fraction of available carbon partitioned to stem (y) is a function of stand age (x). 
The user may choose between the following functions: 
y = 1.9822x-3.4647 (early rotation); y = 59.2534-0.1795x (late) : Pinus 
sylvestris : derived from Ovington (1957) 
y = 71.3389 - 0.3281 : Pseudotsuga menziesii : Turner and Long (1975) 
y = 68.074 - 0.1964x : Pseudotsuga menziesii : Mohren (1987) 
Appendix 10 e List of variables and parameters used within GRASSGROW. 
A) Variables. 
All biomass variables refer to structural component only unless otherwise stated, and represent 
dry weight. 
variable description units 
W total plant biomass (dry wt.) kg m 2 (ground) 
Whot total leaf biomass kg 
m  
Wstot total sheath and stem biomass kg rn-2 
Wag total above-ground biomass kg rn-2 
Wagtot total above-ground biomass including storage kg rn-2 
Wr total root biomass kg rn 2 
W1 1 total leaf weight of age class i kg rn-2 
W1c, leaf carbon biomass kg C rn-2 
WINJ leaf nitrogen biomass kg N rn-2 
W 1 total sheath and stem weight kg rn 2 
WSN1 stem nitrogen content kg N rn-2 
WrC root carbon biomass kg C rn-2 
WiN root nitrogen biomass kg N rn 2 
L leaf area index m2 rn 2 
L1 leaf area index of age class i m2 rn 2 
Ns stem nitrogen concentration kg N kg-1 
Nr root nitrogen concentration kg N 	1 
N1 1 leaf nitrogen concentration kg N kg-1 
NOPtj optimum N concentration of leaves kg N kg-1 
Nfrom i N translocated from leaves to N pool kg N day..1 
N translocated from N pool to leaves kg N day-1 
Ndemand plant demand for nitrogen kg N rn2 day-1 
Nuptake N uptake by plant roots kg N rn2 day-1 
P single leaf photosynthetic rate kg CO2 rn 2 leaf s 1 
PC canopy photosynthetic rate kg CO2 rn 2 ground 
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Ctostorage assimilate production per day kg C rn-2 day-1 
G rate of production of new structure kg rn-2 day-1 
Rrn maintenance respiration kg C rn-2 day-1 
h no. of daylight hours hours 
nsheep sheep stocking density animals rn-2 
I irradiance W rn 2 
Irj irradiance above canopy Wrn 2 
Ii irradiance incident on a leaf surface Wrn 2 
T ambient temperature 
oc 
Topt optimal or reference growth temperature 
oc 
TO temperature at which growth commences 
257 
B) Parameters with suggested values. 
Name Description Unija Values Ref. no. Species no, 
a photosynthetic efficiency kg CO2 J 1.2* 10-8  1 U 
1 .0* 10-8 2 U 
Pm(20) light saturated photos'c rate at 20C kg CO2 rn-2 leaf s- 1 1.5*  10-6  1 U 
0.6* 10-6  2 U 
8 convexity parameter for photosy's dimensionless 0.95 2 U 
leaf transmission coefficient dimensionless 0.1 1 U 
k Beer's Law extinction coefficient dimensionless 0.5 1 U 
0.65 8 U 
0.8 9 U 
T0 minimum threshold growth temp. °C 0 1 U 
Topt optimal temperature for growth C 20 1 U 
constenzl enzyme translocation rate day-1 1 - G 
S specific leaf area m2 kg 40 1 U 
30 6 2 
parameter (specific leaf area) dimensionless 1 1 U 
W20) growth rate constant thy-1 0.5 1 U 
rate of leaf appearance dya4 0.15 1 U 
CO conversion factor CO2 to C kg C kg-1 CO2 12/44 1 U 
0.4 6 2 
weighting factor for y dimensionless 2 1 U 
consth growth rate parameter dimensionless 1 4 1 
constNl nitrogen uptake rate kg N kg-1 root day4 0.005 - 0 
constN2 limiting paramter for N uptake 
P laminastem partitioning ratio dimensionless 0.7 1 U 
4) shootroot partitioning ratio dimensionless 0.9 1 U 
IVC mechanistic shoot:mot parameter dimensionless 0.474 3 U 
'VN mechanistic shootroot parameter dimensiomless 0.526 3 U 
Vq mechanistic shoot:root parameter dimensionless 2 3 U 
M1(20) maintenance respn. : leaf class 1 day-1 0.02 1 U 
0.04 9 U 
M2(20) maintenance respn. : leaf class 2 thy4 0.02 1 U 
M3(20) maintenance respn. : leaf class 3 thy-1 0.015 1 U 
M4(20) maintenance respn. : leaf class 4 thy-1 0.01 1 U 
Mroot root maintenance coeff. day-1 0.002 - 0 
root turnover rate day-1 0.002 7 3 
grresp growth respiration coeff. dimensionless 0.25 1 U 
0.3 7 3 
0.3 9 U 
cm max. consumption rate kg animal 	day-1 1 2 U 
3 5 U 
2 10 U 
K LAI for half max. grazing response dimensionless 1 2 U 
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C storage ration in stem:lamina dimensionless 2 	2 
q grazing constant dimensionless 3 2 
fli selection coeff. for leaves 1 dimensionless 0.4 	2 
12 selection coeff. for leaves 2 dimensionless 0.3 2 
13 selection coeff. for leaves 3 dimensionless 0.2 	2 
14 selection coeff. for leaves 4 dimensionless 0.1 2 
C1 storage concn. coeff. for leaves 1 dimensionless 0.4 	2 
C2 storage concn. coeff. for leaves 2 dimensionless 0.3 2 
C3 storage concn. coeff. for leaves 3 dimensionless 0.2 	2 
storage concn. coeff. for leaves 4 dimensionless 0.1 2 
Twmd reduction in temperature (wind) dimensionless variable 	- 
















3 : Bouteloua graciis (C4 grass) 
U: unspecified grass species 
G : guesstimate  
reference numbers: 
Johnson & Thornley (1983) 
Johnson & Parsons (1985a) 
Reynolds & Thornley (1982) 
Thornley & Hurd (1974) 
Noy-Meir (1976) 
Saugier & Gastal (1987) 
Bachelet et a! (1989) 
Kvifte (1987) 
Aslyng & Hansen (1982) 
10 : Ailden & Whittaker (1970) 
Appendix 11 Paramter settings for standard runs SRUN1. SRUN2. and SRUN3 
SRUN1 only: §; SRUN2 only : # ; both * ; if not mentioned then irrelevant. 
Mode of photosynthesis : rectangular hyperbola * 
Nitrogen dynamics : included § ; excluded # 
Influence of leaf enzyme concentration of Pm and Rm : included § ; excluded # 
Optimal leaf N concentration: calculated from optimal net photosynthesis § 
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a = 1.0*10-8 kg CO2 J-1 * 
Pm(Topt) = 6.0*107 kg CO2 m2 leaf s-i # 
9 = 095 * 
= 0.1 * 
k=0.5 * 
T0= 5 C * 
Topt =20 C * 
constenzl = 0.05 day- 1  § 
M 1(Topt) = 0.02 day- l# 
M2(Topt) = 0.02 day- l# 
M3(Topt) = 0.015 day-1 # 
M4(Topt) = 0.01 day 1 # 
Mroot(Tópt) = 0.002 day-1# 
3 (Topt) = 0.0075 day- ' * 
grresp = 0.25 * 




P = 0.7 
constb = 1 
constNl = 0.005 § ; 0.0 # kg N kg root day 1 
constN2 = 0.05 § 
8=40m2kg1 * 
= 0.9 # 
Vc = 0.474 § 
lIIj4 = 0.526 § 
q= 2 § 
Grazing rate driven by leaf biomass * 
* 
V,i = 0.01 kg n-r2 * 
V~jj = 0.01 kg rn2 * Grazing time a described by rectangular hyperbola 
* cm = 0.005 kg animar 1  min- = 0.2 	
2 * 
W =0.05kgni 	* K=1 * V. =0.lkgnr2* 
C i =0.4* Nj,m=O.O5;O.O# kgNkg 
Ns=0.03;0.0# kgNkg 1 
713 = 0.2 * C3 = 0.2 * 
Nr = 0.03 § ; 0.0 # kg N kg - 1  
714= 0-1 * C4=0.1* 
V 	=0.015;0.0 #kgnr2 
daygraze= 100 days 
Influence of temperature: 
Asymptotic for photosynthetic and ageing parameters ( , Pm, p. ,  
Q1 0effect for respiratory parameters (14 , Mroot) * 
k an  0.31 * 
Rpj =043* 
I 0a,= 1353 Wnr2 * 
tcloudav = 0.3074 * 
SRUN3 : parameters set for SRUN2, except: 8 Wm7 = 60.546 -  0.103210 
Appendix 12 : Tree Characteristics for the 'Low'. 'Intermediate' and 
'Tall' treatments. 
LOW 	INTERMEDIATE' TALL' 
Tree height (m) 3.62 5.46 7.433 
Clear bole (m) 0.00 0.00 1.65 
Crown depth (in) 3.62 5.46 5.7833 
Crown radius (m) 1.49 1.91 1.733 
apex angle (degrees) 22.37 19.28 16.68 
foliage area per tree (n) 20.57 65.47 42.53 
volume per tree crown (m 2 ) 8.416 20.859 18.195 
extinction coefficient,V (rn -1) 1.295 1.664 1.186 
Notes: apex angle = arctan(crown radius/tree height) 
volume tree crown = 1/3 it crown radius  crown depth 
extinction coefficient,V= k*foliage area per tree/volume tree crown 
where k is the leaf extinction coefficient (Beer's Law) 
k = 0.53 (Norman & Jarvis 1974: Sitka spruce). 
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